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FOREWORD

Most of those who use this volume of the Geological Survey Research
Series will come to it primarily to learn about the progress of research in a
particular field, or in a group of fields that are closely related. The Geological
Survey Research series serves another purpose also—an overview of earth
sciences research in progress in the USGS and an indication of the emphasis
being given to individual subjects. Few will have the interest or stamina to
read Geological Survey Research 1977 from cover to cover, but a few minutes
spent on the table of contents will be sufficient to identify the areas that are
receiving increased attention.

Because the USGS is a mission-oriented, public service organization, its
work responds to the Federal government’s perception of public needs.
These needs for information about the Earth and its resources and for
knowledge of geologic processes and history have been broadening and
deepening in recent years in the United States, which has led in turn to
expanded investigations in many fields—such as the Outer Continental
Shelf, earthquake hazards reduction, geothermal energy, river-quality
assessment, and water use, to name only a few of them—in which little or no
research was underway only a decade ago.

These trends toward expanded and broadened earth sciences research
and factfinding are bound to continue as problems of resource adequacy, en-
vironmental quality, and safe use of the land become more complex and
difficult, and more critical to the National Welfare.

b.f. \AﬁKn—Qw—}/

V. E. MCKELVEY,
Director
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SI UNITS AND U.S. CUSTOMARY EQUIVALENTS

[SI, International System of Units, a modernized metric system of measurement. All values have been rounded to four significant digits ex-
cept 0.01 bar, which is the exact equivalent of 1 kPa. Use of hectare (ha) as an alternative name for square hectometer (hm?) is restricted

to measurement of land or water areas. Use of liter as

a special name for cubie decimeter (dm3) is restricted to the measurement of

liquids and gases; no prefix other than milli should be used with liter. Metrie ton (t) as a name for megagram (Mg) should be restricted to
commereial usage, and no pretixes should be used with it. Note that the style of meter? rather than square meter has been used for con-
venience in finding units in this table. Where the units are spelled out in text, Survey style is to use square meter]

SI unit U.S. eustomary equivalent SI unit U.S. customary equivalent
Length Volume per unit time (includes flow)—Continued
millimeter (mm) = 0.039 37 ineh (in) = 15.85 gallons per minute
meter (m) = 3.281 feet (ft) (gal/min)
= 1.094 yards (yd) et 543.4 barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.5400 mile, nautical (nmi) 1 bbl=42 gal)
meters per second (m3/s) = 35.31 feet3 per second (f3/s)
Area = 15 850 gallons per minute
(gal/min)
centimeter? (cm?2) = 0.155 0 inch? (in?) -
meter? (m2) = 10.76 feet2 (ft2) Mass
= (l)tl)gg 2471 sere> WP
= . T1 acre — 5 i
hectometer® (himn?) = 2.471 acres gram (g) = 0.035 27 Ouzggpa)vmrdupois (oz
= 0.003 861 secltxl«:]r;2§640 acres or kilogram (kg) 2.205 pounds)avoirdupois (I
. 2 2 Ta2 . avdp
kilometer? (km?) 0.386 1 mile? (mi*) megagram (Mg) = 1.102 tons, short (2000 1b)
= 0.984 2 ton, long (2240 1b)
Volume
centimeter? (cms3) = 0.061 02 inchs (in3) Mass per unit volume (includes density)
decimeters (dm?) = 61.02 inches® (in3)
= 2113 pints (pt) kilogram per meters = 0.062 43 pound per footd (lh/ft3)
= 1.057 quarts (gt) (kg/m3)
= 0.264 2 %allon ég&;.l)
= 0.035 31 oot3 (ft3
meterd (m?) = 33.31 feetd (£t3) Pressure
= 1.308 vards® (yd3)
= 264.2 gallons (gal) kilopascal (kPa) 0.145 0 pound-force per ineh?
= 6.290 barrels (bbl) (petro- (1bf/in2)
leum, 1 bbl=42 gal) = 0.009 869 atmosphere, standard
= 0.000 810 7 acre-foot (acre-tt) (atm)
heetometers (him?) = 810.7 acre-feet (acre-ft) = 0.01 bar
kilometer? (km3) = 0.239 9 mile? (mi?3) = 0.296 1 inch of mercury at
ee - . 60°F (in Hg)
Volume per unit time (includes flow)
deci&neterﬂ per second = 0.035 31 foot? per second (ft3/x) Temperature
(dm?3/s)
2119 feet? per minute (ft3/ temp kelvin (K) {temp deg Fahrenheit (°F)+4459.67]1/1.8

min)

temp deg Celsius (°C) = [temp deg Fahrenheit (°F)—32]/1.8

Any use of trade names and trademarks in this publication is for deseriptive purposes only and
does not constitute endorsement by the U.S. Geological Survey.
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MINERAL-RESOURCE AND MINERAL-FUEL INVESTIGATIONS

UNITED STATES AND WORLD
MINERAL-RESOURCE ASSESSMENTS

The study of mineral deposits and the understand-
ing of how they are formed are essential to our
continuing ability to find new mineral supplies and
to our understanding of the geological limitations
placed on mineral availability. During 1976, several
studies of mineral-resource availability were com-
pleted. Critical imported commodities such as alu-
minum, chromium, and nickel were given high
priority.

Bauxite continues to be major source of aluminum

S. H. Patterson, in a review of the widespread
research being done on possible substitutes for
bauxite as a source of aluminum, concluded that
bauxite will continue to be the major source of
the Western World’s aluminum. The rocks and
materials considered as possible substitutes for
bauxite in the United States and other countries
include high-alumina clay, igneous-rock alunite,
coal-mine waste and washings, shale, dawsonite, and
aluminum phosphate rock. Although the cost of baux-
ite has risen sharply, the high cost of redesigning
and constructing plants and the much greater
energy required to recover alumina from alternative
sources make it likely that bauxite will continue to
be the principal raw material.

Bauxite resources in the Andersonville district of Georgia

In a computerized analysis of data generated under
a USGS grant to Georgia Southwestern College,
N. A. Wright and M. A. Carey (USGS) and H. E.
Cofer (Georgia Southwestern College) found that
the deposits of kaolin clay and bauxite in the Ander-
sonville district of Georgia are more than adequate
to sustain mining at the current rate and for the
present uses well into the next century. The kaolin
occurs as elongated lenses that are as much as 15 m
thick and cover as much as 1,000 ha. The bauxite

occurs mainly as smaller lenticular masses of pealike
nodules within the larger kaolin deposits. Identified
and hypothetical resources of kaolin are estimated
to be 680 10° t dry. Indicated and inferred reserves
of bauxite are about 1.8x10¢ t dry, and hypothetical
resources are nearly as large.

The kaolin reserves, which are part of the identi-
fied resources, are more than adequate to sustain
mining at the present rate for another century.
Bauxite and bauxite clay will probably be mined in
the district for 25 to 50 years. The kaolin resources
in this area are one of the major potential domestic
sources of aluminum.

Alunite resource appraisal progress report

R. B. Hall’s highly tentative estimate of alunite-
ore resources in altered volcanic rock in Arizona,
Colorado, Nevada, and Utah indicated a reserve of
336 10° t of rock averaging 32 percent alunite, plus
a potential resource of 1,479 10° t of rock contain-
ing 10 to 32 percent alunite. Alunitic rock should
contain 30 percent alunite or more to be considered
ore grade, and the bulk of the remaining rock should
be microcrystalline quartz, which is not especially
troublesome in the modified Bayer process used to
extract alumina from the siliceous aluminous residue
after SO, and K.SO, have been removed. However,
more than a few percent (combined) of phyllosili-
cate materials such as dickite, kaolinite, halloysite,
muscovite (sericite), and pyrophyllite substantially
reduces the economic value of the material, since
these minerals break down during the caustic leach-
ing phase of processing and introduce silica into the
aluminous solution. Costly desilication then is neces-
sary to produce an acceptable cell-grade alumina.
An unknown but large proportion of the “potential”
resource reported here therefore is not commercially
usable with present technology because it contains
large amounts of intermixed mica and clay minerals
and also because it has a low amount of alunite. A
part of the reserve estimated above also is suspect

1
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for the same reason, since the mineralogical com-
position of someé deposits has not been precisely
determined. There appears to be little doubt that
domestic resources of alunitic rock in hydrother-
mally altered Tertiary volcanic terranes are ade-
quate to support an alumina-from-alunite industry,
if it is assumed that the best available alunite ore
in the southern Wah Wah Mountains in Beaver
County, Utah, can be treated profitably.

Some problems with refractory chromite supply by 1985

A review of the world chromite situation made by
T. P. Thayer and B. R. Lipin indicated that supplies
of traditional refractory ore will be reduced sub-
stantially in the next 10 years. For the last 50 years,
American refractory makers have relied on Cuba
and the Philippine Islands for -high-aluminum
chromite, probably 80 percent of all chromite used
for refractories. Geologically, high-aluminum de-
posits are comparatively rare, and the Philippines
and Cuba have the largest reserves outside the
U.S.S.R. The United States monopolized Cuban pro-
duction during World War II and, since 1945, has
gotten 8.7x10° t, or two-thirds of all refractory ore
exports, from the Philippines and Cuba. Owing to
changes in steel technology, refractory chromite
consumption has dropped about 40 percent, to
200,000 to 250,000 t/yr over the last 5 years.

Since 1945, the Coto mine area in the Philip-
pines has shipped more than 12x10% t of high-
aluminum ore that was recovered from 20x10° t of
mine-run ore. Most of the ore came from one open-
pit mine on a 10x10¢ t orebody. Mining now is
essentially all underground, and, in the last 5 years,
the concentration ratio of mine-run ore has in-
creased from 1.4:1 to about 2.2:1. Maintaining
shipments at 400,000 t/yr and reserves at recent
levels until 1985 will require the discovery of 910t
of ore, all underground. The deposits are of the
podiform type, and finding ore on this scale, even
in an extraordinarily rich zone, is problematical.
It seems most likely that refractory manufacturers
will have to rely increasingly on high-iron chromite,
which will constitute 99 percent of world resources
after 1985.

World nickel resources

A recent survey of world nickel deposits, exclud-
ing ocean nodules, conducted by M. P. Foose indi-
cated that identified nickel resources comprise
15510°¢ t of nickel in 19,460 10¢ t of ore. The ore
has an average grade of 0.79 percent. The survey
shows that 70 percent of the world’s nickel resources

|

occurs in nickel laterites and that 43 percent of the
laterite resources occurs on one island, New Cale-
donia in the South Pacific Ocean. Nickel sulfides
constitute the remaining nickel resource. With the
exception of the Sudbury Irruptive in Canada and
the Penchenga camp at Petsamo in the U.S.S.R.,
most major economic nickel deposits are associated
with ultramafic magmas of the Komatiitic suite.

Identified iron-ore resources of South America assessed

Literature research by Harry Klemic and Mar-
garet Cooper on iron-commodity data showed that
the identified iron-ore resources of South America
total about 126 x 10" t, more than 15 10* t of which
are classed as reserves. Most South American iron-
ore production is for export markets. In recent
years, South American ores have constituted about
50 percent of all U.S. iron-ore imports and about
20 percent of total U.S. iron-ore consumption. These
figures indicate the strong interdependence of the
United States and South America in iron-ore trade.

Titanium and zircon resources of Pleistocene sand in

Adirondack Mountains of New York

E. R. Force determined that Pleistocene delta
sands in the Port Leyden quadrangle in the south-
western Adirondack Mountains of New York con-
tain 30x10° t of titanium minerals and 2x10° t of
zircon in wedge-shaped bodies up to 8 m thick
(Force, Lipin, and Smith, 1976). Chemical and
physical properties of the ilmenite make the deposit
subeconomic. Similar deposits are common in the
Black River Valley (Waller, 1976).

Zinc distribution in coals in part of the lllinois Basin

High concentrations of epigenetic sphalerite
(ZnS) were reported in four major coal seams in
the northwestern part of the Illinois Basin (Ruch
and others, 1974; Hatch and others, 1976). Accord-
ing to J. C. Cobb (Illinois Geological Survey), the
distribution of zinc in the coals is fairly uniform; in
areas where the coal is disturbed, however, the dis-
tribution may be broader. Large-grid sampling
showed the average zinc concentration to be about
0.15 percent for coal across the basin. Other sam-
pling methods demonstrated the epigenetic nature
of the sphalerite. Zinc analyses of bench samples
ranged from 0.0005 percent to 1.5 percent, and
channel samples ranged from 0.005 percent to 0.15
percent of the whole coal. No zinc variations among
the seams has been observed.

During mining and cleaning of coal, sphalerite is
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concentrated in mine slurry and fine-grained gob;
occasionally, it is found in the coarse-grained gob.
Slurry ponds have been identified in some mines as
the principal sites of sphalerite concentration. This
sphalerite concentration is dependent on the coal
preparation processes used at the mine.

Sphalerite mineralization occurs in clastic dikes
as concentric accumulations around a coal nucleus.
Sphalerite also occurs in veinlets or cleats normal
to bedding. Sphalerite in cleats appears to have
grown contemporaneously with cleat dilation. Suc-
cessive growths occur symmetrically in from cleat
walls to a central iron-rich band. The uniformity
between the sphalerite characteristics of cleats and
those of clastic dikes regardless to the seam suggests
that mineralization was continuous and simulta-
neous in each seam and constant across the district
(Cobb and Russell, 1976).

Peat resources in Minnesota

Field reconnaissance by C. C. Cameron of about
185,000 ha of peatlands in western Koochiching
County, Minnesota, revealed a spotty distribution
of deposits having a thickness greater than 1.5 m,
the cutoff point for favorable exploration. Areas
containing an estimated 296,000 t of air-dried
sphagnum and reed-sedge peat, each with an average
thickness of 3.6 m, and areas containing an esti-
mated 475,000 t of reed-sedge and humus peat, each
with average thickness of 2.4 m, are interspersed
with areas containing a total of 2,640,000 t of reed-
sedge and humus peat less than 1.5 m thick.

Patterns, which are observable on recently pub-
lished orthophoto maps as well as in the field, have
been established as guides to peat prospecting in
the vast terrane of Glacial Lake Agassiz, in which
the thick glacial drift mantle has been reworked by
lake action.

The thickest deposits are domes of sphagnum peat
over reed-sedge peat located in interstream areas.
The domes are bordered by semicircles of glacial
moraine or relict lake beaches. Where the domes are
some distance from moraine and beach material,
they have sharp semicircular boundaries represent-
ing a change in vegetation types. All semicircles are
convex in a direction up the regional slope. Domes
appear on the orthophoto maps as patterns of radi-
ating light and dark streaks. Ground water under
hydrostatic head provides water to the peat-forming
plants, which take it up by capillarity and form the
dome-shaped deposits. Rainwater flows off the dome
and down the regional slope through shallow peat

covered by marsh and fen vegetation streaked in the
direction of flow. Where the water flowing from the
dome crosses the direction of regional ground-water
flow, the marsh and fen vegetation assumes a lattice
pattern. Both patterns mark the position of shal-
lower peat.

MINERAL RESOURCE ASSESSMENTS
OF LAND AREAS

INVESTIGATIONS RELATED TO THE
WILDERNESS ACT

The Wilderness Act of 1964 directs the Secretary
of Agriculture and the Secretary of the Interior to
review the suitability of lands being considered for
inclusion in the National Wilderness Preservation
System. To aid in evaluating the suitability of an
area for wilderness inclusion, the USGS and the
U.S. Bureau of Mines make mineral-resource assess-
ments of wilderness areas established by the act and
wilderness study areas in the national forests as
well as in five national game ranges and national
monuments on lands held by the Department of the
Interior.

Mineral potential of Great Bear Wilderness study area of

Montana

Geologic, geochemical, and geophysical studies
conducted by M. R. Mudge, R. L. Earhart, and D. D.
Rice (USGS) and L. Y. Marks (U.S. Bureau of
Mines) indicated that the proposed Great Bear
Wilderness has good potential for oil and gas
(mainly gas) and a moderate potential for sub-
marginal resources of copper and silver in a belt 40
km long and about 1.6 km wide that is partly within
the study area along its western boundary. The
eastern part of the study area may contain small
submarginal resources of coal.

The area with the best mineral potential lies in
the extreme western part of the proposed wilder-
ness, where copper and silver minerals occur in
green to light-gray quartzites, siltites, and argillites
of the Empire and Spokane Formations between
Felix and Hoke Creeks. Although these occurrences
are mostly outside of the study area, the downdip
projection of the mineralized rocks underlies the
westernmost part of the area. Potential disseminated
copper sulfide deposits also occur in the Spokane
Formation, where selected samples contain more
than 2 percent Cu and 70 ppm Ag. The copper con-
tent of cross-cutting chip samples ranged from 0.13
percent over 18.3 m to 0.35 percent over 1.8 m and
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0.52 percent over 0.61 m. At least 16 copper-bearing
occurrences were sampled. Good potential for dis-
covering disseminated copper deposits similar to
a deposit outside the area near Hoke Creek exists
within the proposed wilderness. The Hoke Creek
deposit contains an estimated 635,000 t of 0.15 per-
cent Cu and 3.4 g/t Ag.

Exploratory drilling east of the study area and
the discovery of major gas fields in the Canadian
portion of the disturbed belt indicated a good poten-
tial for gas in the study area. The structure, stra-
tigraphy, and geologic history of gas fields in
Canada are similar to those found in the Montana
disturbed belt. Tests of gas wells drilled in the
1950’s near the study area in Blackleaf Canyon and
the East Glacier Park area indicated a production
capability of as much as 178.3%x10® m®*/d of gas
from reservoirs in Mississippian and Devonian
carbonate rocks.

Stratabound copper-silver deposit in the Scotchman Peak

Wilderness study area of Montana

Investigations of mineral resources in the Scotch-
man Peak Wilderness study area indicated that the
eastern half of the area has a moderate to high po-
tential for stratabound deposits of copper and silver,
according to D. J. Grimes and R. L. Earhart (1976).
The area is in the northwestern Montana copper
belt (Harrison, 1972), which contains disseminated
copper-silver deposits in quartzite beds of the
Revett Formation in the Belt Supergroup of Pre-
cambrian age. '

The geology and geochemistry of this area com-
pare favorably with those of a large disseminated
copper-silver orebody a short distance to the east.
High copper and silver values have been found in
rock, stream-sediment, and soil samples in an area
about 3 km long and about 30 m wide. The anomaly
is in the lower part of the Revett Formation and
trends parallel to the strike of the strata.

MINERAL ASSESSMENT OF INDIAN LANDS

The USGS and the U.S. Bureau of Mines
(USBM), under an agreement with the Bureau of
Indian Affairs, are assessing the mineral resources
of Indian lands designated as Federal reservations.
This program, which began in 1974, consists of two
phases of study:

® Phase I—Summary and analysis of available in-
formation on the mineral resources of Federal
Indian lands.

® Phase II—Field studies to obtain new informa-

tion on Indian lands where existing information
is inadequate to assess the mineral potential.

By October 1976, phase I of the program had re-
sulted in 28 reports covering mineral assessments of
12.2<10° ha of Indian lands. On the basis of recom-
mendations made during phase I compilations, phase
IT studies were started on the Papago Reservation
in Arizona (USGS and USBM), the Wind River
Reservation in Wasington (USGS), and the Spokane
Reservation in Washington (USBM). USGS studies
of the Papago Reservation using geologic, geophysi-
cal, and geochemical techniques are obtaining in-
formation on the potential for discovering porphyry
copper deposits. Phase II on the Wind River Reser-
vation studies are in progress in areas having
potential for uranium resources.

GEOLOGIC STUDIES OF MINING DISTRICTS
AND MINERAL-BEARING REGIONS

Estimates of mineral-resource availability and
assessments of the mineral potential of public lands
require an ever-increasing knowledge of the nature
of mineral deposits—the conditions of their forma-
tion and the origin, mode of transport, and concen-
tration of the metals and solutions in ore deposits.
During 1976, field and laboratory studies of mineral
deposits and districts revealed many facts leading
to new concepts in ore genesis and new strategies
in mineral exploration.

Mesozoic-Cenozoic metallogenesis of the Western United

States

Although the Mesozoic-Cenozoic metallogeny of
the Western United States unquestionably resulted
from the convergence of the North American con-
tinent and Pacific Ocean crust, subduction alone does
not adequately explain the distribution of ore de-
posits according to P. W. Guild. Divergence from a
“typical” arc-trench pattern increases from the mid-
dle Mesozoic to the late Tertiary and with distance
from the continental margins; by latest Mesozoic
time, the magmatic-metallogenic province extended
irregularly eastward at least 1,500 km from the
trench. Lineaments, difficult or impossible to docu-
ment unequivocally, nevertheless seem to have played
some role in localizing mineral belts transverse to
plate boundaries. A gross east-west metals zonation
lacks the clear-cut divisions evident to the north and
south in the Cordillera.

Shallow-dipping or multiple subduction zones
have been proposed to account for these features,
but mantle convection in a reactivated ensialic back-
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arc seems to be a more logical explanation for the
distinctive “Laramide” metallogeny. It is suggested
that small magma pockets were generated episod-
ically by partial fusion of the base of an inhomo-
geneous continental lithosphere, where deep crustal
flaws, many ancient but some perhaps newly created,
relieved pressure and provided access to the upper
crust. This suggestion does not preclude direct
derivation of magma (and metals) from subducting
oceanic lithosphere along the magmatic arc.

Metalliferous organic-rich shales in Great Basin

Anomalous metal concentrations of silver, zine,
chromium, and vanadium in certain petroliferous
and phosphatic organic-rich beds of Paleozoic
marine strata in Nevada and Utah were recognized
by G. A. Desborough and F. G. Poole. The concen-
tration and mineralogical residence of these metals
and their relation to associated organic material are
poorly understood, but preliminary studies indicate
that the concentration and distribution of silver,
zine, chromium, and vanadium vary widely in these
rocks. Their concentration and mineralogical resi-
dence often are found to be independent of bulk
chemical composition and bulk mineralogy. Many
of the rocks that have anomalously high concentra-
tions of these metals contain mature to immature
organic matter and yield as much as 50 g/kg of
syncrude oil.

Sedimentary copper deposits associated with glauconite

P. L. Weis reported that anomalously high copper
values were found in some lower Paleozoic glau-
conitic sandstones in southwestern Wisconsin and
eastern Tennessee. Mineral separates showed that
most of the copper is contained in the glauconite.

These results appear to support the hypothesis
that certain sedimentary environments in the United
States need to be studied more closely as potential
sources of copper and other base metals. The char-
acteristics of those environments include (1) the
presence of glauconite; (2) association with sedi-
mentary phosphorite; (3) evidence of volcanic ash
in associated sediments; and (4) the presence of
evaporites in geographically and stratigraphically
nearby sediments.

Gold at Tarkwa, Ghana, not from ancient placer

The gold of the sulfide-free Tarkwa Proterozoic
conglomerates of Ghana, like the gold in the pyritic
conglomerates of the Witwatersrand in South
Africa, is believed by W. B. Myers to have been
transported in an aurous sulfide complex and not
as placer gold. This inference is sustained by the
positive identification of anhydrite by X-ray,

mineral-grain, and thin-section study of six samples
from the Tarkwa reef. The presence of a primary
sulfate mineral intergrown with recrystallized detri-
tal minerals in the 2-billion-year-old Tarkwa con-
glomerates suggests that the ubiquitous and abun-
dant oval aggregates of hematite were originally
pyrite, as were those in the Witwatersrand deposit.
The hypothesized oxidation of pyrite to hematite
and the concomitant precipitation of gold from an
aurous sulfide complex are thought to have occurred
in a shallow marine environment as a result of the
build-up of oxygen in the Precambrian atmosphere.
In the Witwatersrand uranium-gold pyritic con-
glomerates, which formed in an anoxygenic envi-
ronment, gold was precipitated by a slow oxidizing
reaction resulting from the radioactive decay of
uraninite.

Complex hydrologic history of Creede ore deposits in Colorado

Studies of light stable isotope conducted by R. O.
Rye, P. M. Bethke, P. B. Barton, Jr., and P. H.
Wetlaufer showed that the epithermal silver-lead-
zine-copper ore deposits at Creede, Colo., were de-
posited from a complex hydrologic system dominated
at most times by meteoric waters.

The 8D and $*O of the hydrothermal fluids re-
sponsible for the deposition of various generations
of sphalerite, quartz, and carbonate and of sericite
and chlorite were determined directly from analysis
of fluid inclusions and estimated indirectly from
isotopic analysis of the minerals. The §°C of the
hydrothermal fluids was estimated from data on
carbonated rocks. The 8O data indicate that the
fluids contained a substantial meteoric component
during the deposition of sphalerite, quartz, sericite,
and chlorite. The carbonate rocks, on the other hand,
were deposited from either magmatic waters or
waters that equilibrated with country rock at near-
magmatic temperatures. The D data also indicate
that two distinet meteoric waters with different
recharge areas contributed to the hydrothermal
fluids. The §*D data indicate that the carbon in the
fluids that deposited the carbonate minerals in the
veins came from a deep-seated source and not from
the sedimentary source from which the large volume
of preore travertine deposited in the periphery of
the Creede caldera was derived (Steven and Fried-
man, 1968).

Differences in the isotopic compositions of the
fluids correlate with differences in mineralogy but
not with depositional sequences, an indication that
fluids from different sources occupied the ore zone
recurrently.
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The existence of meteoric waters of $D= —55 ppm
and $D= —95 ppm in the same ore deposit has sev-
eral climatic implications. The difference between
these values and those of present-day surface waters
(D= —-112 ppm) suggests that the climate was
milder at the time of ore deposition. The difference
between the 8§D values of the two waters suggests
that one had a relatively low elevation recharge area,
receiving waters dominantly from the Gulf of
Mexico, and that the other had a relatively high
elevation recharge area, receiving precipitation
from the Pacific Ocean. These interpretations are
consistent with geologic evidence (Steven and Eaton,
1975) indicating that, at the time of ore deposition
(24.6 m.y. B.P.) (Bethke and others, 1976), (1) the
Creede area was approximately 1,000 m lower than
it is at present; (2) there were no major mountain
barriers between the Gulf of Mexico and the Creede
district; and (3) there was considerable relief to
the north of the district during mineralization.

Compositional variation of carbonates in the Creede vein

system of Colorado

P. H. Wetlaufer analyzed, by electron microprobe,
carbonate rocks from 44 localities on the Bulldog
Mountain, Amethyst, and OH vein systems in the
epithermal silver-lead-zinc-copper deposit at Creede,
Colo. The overall compositional range falls almost
exclusively within the FeCO.,-MnCO, solid-solution
series. Carbonate deposition took place during two
sgparate stages in the ore paragenesis.

The earlier manganese-rich carbonate was de-
posited before the main phase of sulfide and barite
deposition and is limited to the southern portions
of the vein systems. This rhodochrosite stage shows
a limited compositional range, predominantly be-
tween 85 and 93 mol percent MnCO,, although some
MnCO, contents as low as 70 mol percent have been
measured. All the rhodochrosite has low CaCO, and
MgCO, contents, which lie between 2 and 8 mol
percent, CaCO,/MgCO, usually being greater than 4.
Textural features are complex because the rhodo-
chrosite appears to have grown frequently as
skeletal crystals, to have undergone several stages
of leaching and redeposition, and, possibly, to have
recrystallized.

The later, predominantly iron-rich carbonate,
which is volumetrically minor, was deposited during
a major break in sulfide deposition; this carbonate,
which occurs in the northern two-thirds of the
district, separates the early fine-grained generation
and the late coarse-grained generation. This car-
bonate falls into two compositional groupings:

e Bimodal siderite group. One mode represents a
low CaCO., and MgCO, (1-4 mole percent of
each) siderite, and the other mode represents a
relatively higher CaCO, (6-12 mole percent) and
MgCO, (5-10 mole percent) siderite. The ratio of
CaCO, to MgCO, is around 1 to 2. '

e Manganosiderite group. Compositions range from
30 to 70 mole percent MnCO, with low MgCO,
(1-4 mole percent) and CaCO. (1-4 mole per-
cent) contents. The carbonate of this stage occurs
as 1- to 2-mm perched rhombs or as infilling in
vugs as opposed to the massive, banded, occassion-
ally crystalline textures of the earlier rhodochro-
gite.

Precambrian sulfide deposits in Gunnison County, Colorado

Precambrian sulfide deposits in the Powderhorn
and Gateview quadrangles southwest of Gunnison
in Gunnison County, Colorado, occur within a strati-
graphic succession that consists largely of metavol-
canic rocks. Reconnaissance studies by D. M. Sheri-
dan and W. H. Raymond indicated the following
features:

e The deposits are elongate parallel to gradational
and interfingering contacts between amphibolite
and felsic metavoleanic rocks.

o Groups of deposits appear to be strung out
parallel to thin beds of quartzite that probably
originated as cherts.

e Sulfides commonly occur in lamine or elongate
aggregates parallel to layering and foliation.
® Some specimens of ore observed on dumps of old

mines are crudely banded.

These features suggest very strongly that many of
the Precambrian sulfide deposits are volcanogenic,
a probability that enhances the economic potential
of Precambrian rocks in the Gunnison area.

Hydrothermal circulation and fluorspar mineralization at
Poncha Hot Springs of Colorado

R. E. Van Alstine reported that the Poncha Hot
Springs in Chaffee County, Colorado, provide in-
formation on geothermal systems and the genesis of
fluorspar deposits because of the hot alkaline waters,
travertine deposits, and fluorspar mineralization in
major tensional faults, an association that suggests
deep hydrethermal circulation. Sodium, silica, bi-
carbonate, and sulfate (Van Alstine, 1969, p. 35)
are the chief constituents of the water, and the high
content of fluorine (12 ppm) is noteworthy. The
flow at the central sump (elevation about 2,440 m)
estimated at various times at 190 to 1,900 L/min,
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and the temperature is 76°C. Much of the hot water
is piped about 6.4 km east to the municipal swim-
ming pool at Salida, Colo.

Travertine at the site is deposited on Precam-
brian gneiss between two branches of a major east-
trending normal fault zone that is mineralized with
fluorspar near its intersection with a fluorspar-
bearing north-trending fault; the deposits and faults
are along the eastern edge of the Rio Grande rift.
The travertine is composed chiefly of calcite and
manganese oxide; diatoms, chalcedony, opal, limo-
nite, and colorless fluorite are minor constituents.
Analyses of the travertine showed 7 percent Ba,
3.35 percent F, and 1 percent W. Samples of the
travertine are radioactive, and radium-226 was
detected.

Minerals in the complex multistage breccia in the central part

of Hicks Dome in Hlinois

Samples from drilling in the central fluorite-rich
breccias of the Hicks Dome in Illinois were studied
by means of X-ray diffraction and microprobe tech-
niques to determine the mineralogy of this fine-
grained breccia. The deepest drill hole, the Hamp
well (Brown, Emery, and Meyer, 1954; Trace,
1960), was drilled to a depth of 897 m. Its lower
part penetrated 487 m of intensely mineralized and
brecciated limestone, dolomite, shale, and sandstone
and fragments of alkalic igneous rocks. The matrix
of the breccia is finely granular (10-100 um), con-
sists chiefly of carbonates with sericite, and con-
tains abundant purple and white brookite, xenotime,
rutile, apatite, a fine-grained beryllium mineral,
pyrite, sphalerite, galena, biotite, and sphene. Vein-
lets of fluorite and calcite 50 to 500 um thick tran-
sect the breccia. Fine-grained bertrandite was iden-
tified by J. W. Adams by means of X-ray diffraction
in one sample of the Hicks Dome breccia and is
probably present in others.

Tungsten and other trace-element distribution at lvanhoe

tungsten mine in Montana

In the Pioneer Mountains of Montana, tungsten
mineralization occurs mainly as scheelite in skarns
in the Amsden Formation of Pennsylvanian age. The
ore-bearing skarn was probably formed from marly
beds in the Amsden Formation. Three intrusive
rocks are associated with mineralization—a tona-
lite and a younger granite, both about 70 million
years old, and a porphyry sill about 60 million years
old. E-an Zen and Jane Hammarstrom collected sam-
ples of the marl and the carbonate beds away from
contact effects. Neutron activation analyses show

that tungsten concentrations are a few parts per
million or less in the intrusive and sedimentary
rocks and above 1,000 ppm in the ore. The concen-
tration of other elements provides no clue to the
possible movement of elements from the intrusive
rocks to the skarn except for the major addition of
iron to the ore zone. The origin of tungsten in the
Amsden Formation thus remains an enigma, as the
evidence neither supports nor refutes the hypothesis
that the formation became enriched in tungsten
through processes of sedimentary concentration.

Geology of the eastern part of the Cuprite mining district of
Nevada

Studies by R. P. Ashley in the eastern half of
the Cuprite mining district in Esmeralda County,
Nevada, indicated a hydrothermally altered area
of 10 km* that contains volecanic rocks possibly as
old as late Oligocene and as young as 6.8 million
vears. Silicified rocks that are the result of intense
acid leaching occupy the central part of the altered
area. Most of the remaining altered rocks are opal-
ized, but argillized rocks appear locally near the
margins of the altered area. Several sulfur prospects
and silica quarries are located along the contact be-
tween silicified and opalized rocks, and possible gold
prospects are located within the silicified zone.
Alunite is abundant locally in the opalite. The al-
teration and the associated precious-metal minerali-
zation probably are localized along northerly trend-
ing faults that are prominent in surrounding unal-
tered rocks.

Implications of palladium at Iron Canyon, Nevada

Approximately one-half of the 270 samples from
the Iron Canyon area, of Lander County, Nevada,
analyzed for platinum-group metals, contain meas-
urable amounts of palladium in the 0.001- to 0.02-
ppm range, the average being 0.0034 ppm. The rocks
include lower Paleozoic sedimentary and volcanic
rocks, Tertiary granitic porphyries, and breccia, all
of which exhibit various degrees of hydrothermal
alteration. Fault-related iron oxides and vein quartz
are also present. The area lies astride the outermost
fringes of the zone of dispersed alteration visible
in outerops around the middle Tertiary porphyry
copper system at Copper Canyon, Nev. At Iron
Canyon, the palladium concentrations greater than
0.003 ppm seem to be spatially related to the Butte
fault zone, a north-striking fault system active dur-
ing the time of porphyry-type mineralization. Pal-
ladium contents vary directly with those of Hg, As,
Sr, Ag, La, and B, as well as with Pb, Ay, and Cu
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in obviously metallized rocks. N. J Page, T. G.
Theodore, P. E. Venuti and R. R. Carlson concluded
that this relation probably reflects the mobility of
palladium during porphyry-type mineralization.
However, their study failed to document conclusive-
ly the overall introduction of palladium during
mineralization. Among the likely sources of palla-
dium are the lower Paleozoic volcanic rocks or
fluids equilibrated with magma(s) associated with
the middle Tertiary porphyries.

Bedded barite deposits in Nevada

Light-stable isotope studies conducted by R. O.
Rye, in collaboration with geologic studies done by
D. R. Shawe and F. G. Poole, of the bedded barite
deposit at East Northumberland Canyon in the
Toquima Range of Nye County, Nevada, corrobo-
rated a sedimentary origin for the barite. The con-
clusions are as follows:

® The §'S values of bedded massive-laminated
barite in the Slaven Chert from East Northum-
berland Canyon range from 20.9 to 28.6 permil,
most values being near 25 permil, which is
typical of Upper Devonian marine sulfate de-
posits. The Devonian age is indicated by new
fossil evidence for the Slaven Chert.

The fact that the §"S values of the massive-
laminated barite are constant suggests that
changes occurred during diagenesis or that per-
haps another source of sulfur was locally in-
volved in barite deposition.

The initial sedimentary §+S values of massive-
laminated barite were apparently retained dur-
ing recrystallization, replacement by silica, and
the loss of organic carbon associated with hy-
drothermal alteration.

Once the cause of §'S variations in massive-
laminated barites is determined, it may be pos-
sible to use §'S as a stratigraphic tool in de-
termining the age of barites in the central
barite province.

® Barite rosettes and concretions have §"'S values
ranging from 29.1 to 56.3 permil, the sugges-
tion being that they formed in a closed system
either in the restricted basin or within the
sediments where bacterial reduction of sea-
water sulfate occurred.

The 84S values for vein barites in the area are
much larger than those for bedded barites but
are consistent with the possibility that the
sulfur in the veins was derived from bedded
barite.

® The 50 data on most cherts and carbonates in
the bedded barite interval in the Slaven Chert
are typical of Devonian marine cherts and car-
bonate rocks, whereas §'*C values on the car-
bonate rocks suggest deposition involving or-
ganic matter in a basin that had restricted
communication with the carbon reservoir of
the open ocean.

e Evidence from conodont color alteration and chert
textures indicates that the barite-bearing in-
terval at East Northumberland Canyon was not
exposed to prolonged high temperatures or deep
burial and that the eugeosynclinal allochthon
emplaced during.the Antler orogeny was a
“thin-skinned” feature that apparently in-
volved only surficial thrusting during emplace-
ment above transitional and migeosynclinal
rocks of the Outer Continental Shelf.

Ore controls and mineral zoning in Chloride mining district

of New Mexico

According to C. H. Maxwell and A. V. Heyl, ore
deposits in the Winston quadrangle of Sierra
County, New Mexico, occur for the most part in
northwest-trending tension fractures in propylitized
andesitic rocks and to a lesser extent in overlying
dacites or in Magdalena Group limestone masses
that were thrust or slid from the east over andesite
tuff. The ore deposits appear to be zoned from sul-
fide-rich lead, zine, copper, silver, and chlorite
quartz veins in the southern.part of the quadrangle
to sulfide-poor silver and gold quartz veins in the
northern part.

Composition and Curie temperatures of titaniferous magnetite

concentrates

Preliminary laboratory studies by Harry Klemic
and P. J. Loferski indicated that the Curie tem-
peratures of concentrates of titaniferous magnetite
from some deposits in Essex County, New York,
are higher than would be expected in synthetic
magnetites having an equivalent titanium content.
These magnetites, however, also contain elements
other than Ti that proxy for Fe, including Al, Mg,
V, Cr, and Mn. Other factors, such as intergrowths
of pure and impure magnetite on a very fine scale,
may interfere with the determination of the Curie
temperature of the magnetite concentrates.

Distribution of molybdenum in Puerto Rico porphyry deposits

D. P. Cox and R. E. Learned showed that, in the
Tanama and Helecho porphyry copper deposits in
Puerto Rico, molybdenum concentrations in soil are
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higher than those in bedrock but show the same spa-
tial distribution. Soils contain up to 7,000 ppm Mo,
whereas the underlying copper ore contains less
than 70 ppm Mo. Both soil and bedrock molybdenum
are lower in areas of feldspar-stable low-pyrite al-
teration and higher in areas of intense sericite,
pyrite, and clay alteration.

Intrusive center recognized in Keg Mountains of Utah

A previously unrecognized quartz-monzonite por-
phyry stock was discovered as a result of geologic
mapping in the Keg Mountains area of Utah. This
stock is apparently the terminal phase of older
(Oligocene) volcanic rocks and is partly concealed
by one or more sections of younger (Miocene and
(or) Pliocene) volcanic rocks. The intrusive body
probably marks the eruptive center of the older vol-
canic rocks and may indicate the part of the Keg
Mountains that has the best chance of containing
concealed ore deposits.

Exploration guides for native copper in northern Wisconsin

A model, suggested by W. S. White, for native
copper mineralization in the Michigan copper dis-
trict provided geologic guides applicable to explora-
tion in northern Wisconsin. Critical elements of this
model are a favorable degree of metamorphism and
a hydrologic system that includes a reservoir of
buried ground water and channelways to the sur-
face. The existence of a reservoir and channelways,
in turn, depends on the distribution of porous frag-
mental lava and conglomerate in the basin in which
the lavas accumulated. Existing geologic data for
northern Wisconsin are not adequate for the pale-
ogeographic reconstruction that will be needed to
apply the Michigan model, but the most essential
data should be obtainable from surface geologic
and magnetic mapping supplemented by a limited
amount of drilling.

Minerals Discovery Loan Program

The Office of Minerals Exploration (OME), un-
der Public Law 85-701, approved August 21, 1958,
is authorized to offer financial assistance to private
industry on a participating basis to explore deposits
of certain minerals or mineral products. Of the 210
contracts executed in the 17 years of OME’s opera-
tion, 54 have been certified as successes, having dis-
covered ore reserve valued at about $170 million.
Government expenditures for contract support and
administrative and technical services have totaled
about $9 million.

The OME program has had limited success to
date in making significant discoveries of mineral
reserves, and various proposals are being considered
to improve its effectiveness. Whether an OME-type
program is the most effective means of assisting in-
dustry in minerals exploration, whether an alterna-
tive program should be undertaken, and what the
level of government participation should be are
questions under consideration. Pending a decision
on the future of the program, funds for new ex-
ploration contracts have not been requested since
FY 1974. .

Funds have been requested and received to con-
tinue the technical and administrative services re-
quired to manage active contracts and to administer
completed and certified contracts having continuing
obligations for royalty payments on production. Un-
used funds released from completed prior-year con-
tracts have been used to support contracts awarded
since FY 1974.

GEOCHEMICAL AND GEOPHYSICAL
TECHNIQUES IN RESOURCE ASSESSMENT

REGIONAL GEOCHEMICAL AND GEOPHYSICAL
STUDIES

Possible new mineral occurrences in Alaska

A number of areas of possible new mineral oc-
currences were outlined during reconnaissance
studies in Alaska by G. C. Curtin and R. B. Tripp.
Results of potential economic significance include
(1) delineation of several possible porphyry copper-
molybdenum occurrences in the Tanacross quad-
rangle; (2) discovery of several localities in the
Talkeetna quadrangle where high tin values occur
along with high beryllium and tungsten values in
stream-sediment and heavy-mineral concentrates;
and (3) discovery of several previously unreported
gold occurrences in the Seward quadrangle indi-
cated by high gold and tungsten values in stream-
sediment and heavy-mineral concentrate samples.

In the Talkeetna quadrangle, the tin occurrences
are associated with middle Tertiary granitic rocks
of the McKinley sequence (Reed and Lanphere,
1973) and probably are from greisen zones similar
to the zone described by Hawley and Clark (1974)
in the Upper Chulitna district near the northeast-
ern corner of the Talkeetna quadrangle. In addition,
significant amounts of gold are found in heavy-
mineral concentrates at several localities in the
quadrangle, and some of these occurrences may be
similar to those in the Chulitna-Yentna mineral
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belt on the southern flank of the Alaska Range
(Hawley and Clark, 1973). Also, a number of pos-
sible base-metal occurrences are outlined in the
western half of the Talkeetna quadrangle.

Geochemical anomalies in volcanic rocks in southwestern

Oregon

Anomalous concentrations of mercury and other
heavy metals were found by J. C. Smith during
preliminary reconnaissance sampling in silicic rocks
in the Medford 1°%2° quadrangle of Oregon. These
rocks are located in the deeply dissected sequence of
volcanic rocks of middle-Tertiary age in the western
Cascades and are overlain by the largely undissected
cones and flows of Pliocene to Holocene age in the
High Cascade Range. As much as one-third of the
western Cascade sequence was found to consist
largely of unfaulted dacite and rhyodacite tuffs and
volcaniclastic rocks of intermediate composition in
a homoclinal section dipping 15° to 20° east,
whereas gently folded basalts and andesite cut by
numerous faults previously were thought to make
up nearly all of the section.

Ore targets in the Coeur d’Alene district of Idaho

Results of geochemical studies conducted in the
Coeur d’Alene district of Idaho by G. B. Gott and
J. B. Cathrall indicated that the sequence of events
in the formation of the ore deposits was as follows:
(1) Formation of northwest-trending mineral belts,
(2) intrusion of mineral belts by quartz monzonite,
and (3) offsetting of mineral belts by postore fault-
ing. Intrusion of the monzonite stocks caused re-
mobilization and redeposition of ore minerals in a
halo surrounding the stocks. Mineral statistics in-
dicate that 85 percent of the Coeur d’Alene ore has
come from this halo. Only about one-half of the halo
has been prospected.

Geatt:hﬁmic‘al anomalies in the Tooele 1° X 2° quadrangle of
a

Reconnaissance geochemical studies undertaken
by W. J. Moore during a mineral-resource appraisal
of the Tooele 1°x2° quadrangle of Utah indicated
an arsenic-antimony-molybdenum anomaly at Davis
Mountain and a lead-zinc-silver anomaly at Wig
Mountain. Both anomalies are located in silicified
rocks of Late Devonian to Early Mississippian age
and may represent leakage of hydrothermal fluids
along bedding-plane faults. The silicified zones that
contain the geochemical anomalies and an interven-
ing volcanic neck at Little Granite Mountain define
a trend parallel to an inferred northwest-trending

tear fault that separates lower and middle Paleozoic
rocks on the south from thick sequences of Pennsyl-
vanian and Permian rocks on the north.

Geochemical study of the Mineral Butte copper deposit of

Arizona

Samples of bedrock and residual soil collected by
M. A. Chaffee in the vicinity of the Mineral Butte
porphyry copper deposit in Pinal County, Arizona,
were analyzed for 39 elements. Of those 39 ele-
ments, 7 (Cu, Co, F, Au, Pb, Ag, and Zn) produced
anomalies that exhibited generally close spatial re-
lationships to the Mineral Butte deposit as defined
by the distribution of copper anomalies. The molyb-
denum anomalies did not seem to coincide with the
copper anomalies.

Samples of leaves and stems collected from four
common desert plants growing along stream chan-
nels in the region around the Mineral Butte deposit
were ashed and analyzed for 38 elements. The de-
posit was best located by using the copper content
of mesquite (Prosopis juliflora); the copper con-
tents of blue paloverde (Cercidium floridum) and
catclaw acacia (Acacia greggit), however, were al-
most as effective.

Geophysical methods as an aidsto mineral exploration in
southwestern New Mexico

The San Lorenzo fault, previously only inferred,
was clearly delineated by J. C. Wynn by using
gravity data in the southwestern San Lorenzo quad-
rangle of New Mexico. This fault has a throw in
excess of 3,000 m, downthrown to the east. The
Carpenter mining district and a possible caldera
(tentatively named Emory Pass), were outlined by
gravity stations in the northern and central parts
of the San Lorenzo quadrangle.

A strong aeromagnetic anomaly south of the
Copper Flats orebody implies that a large buried
mass may underlie the andesite field, and the stock
may be only an apophysis of this larger mass. Very
low frequency-electromagnetic data clearly outline
the contact between the Copper Flats monzonite
stock and the surrounding andesites and basalts.

Geochemical exploration for copper and nickel in Minnesota

A relatively intense and weakly continuous
copper-nickel anomaly in B-horizon soils found by
H. V. Alminas appears to be associated with copper-
nickel mineralization in the Duluth Complex con-
tact zone of St. Louis and Lake Counties in north-
eastern Minnesota. The anomaly thus far extends
from the western shore of Gabbro Lake some 32
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km southwestward to the edge of the sampled area.
An additional and subparallel linear anomaly ap-
proximately 10 km southeast of the contact zone
shows a striking correlation with aeromagnetic and
gravity features.

Geochemical anomalies near the Brewer Mine in South Carolina

Henry Bell’s preliminary evaluation of contoured
geochemical data in the vicinity of the Brewer
Mine in Chesterfield County, South Carolina, indi-
cated that, although a strong copper anomaly oc-
curs in the mine area, geochemical anomalies for
manganese and cobalt form an arcuate pattern off-
set to the east beyond the explored area. If this
hypothesis is confirmed by additional work, the off-
set pattern suggests an area for renewed explora-
tion.

STUDIES INVOLVING IRON AND MANGANESE
OXIDES

Iron and maganese oxides in stream sediments

In a study of stream sediments from two por-
phyry copper districts in west-central Puerto Rico,
R. E. Learned found that the trace-metal content of
the manganese-oxide and amorphous iron-oxide
fractions of the sediment afford anomaly-to-back-
ground contrasts that are several times higher than
“total” trace-metal contents.

The sequential extraction method of T. T. Chao
and R. F. Sanzolone, which was applied to the in-
vestigation, also determined the trace-metal con-
tent of the organic, crystalline iron-oxide, sulfide,
and silicate fractions; these fractions, however, pro-
vide no enhancement of the ordinary ‘“total” trace-
metal contrasts.

Use of Fe-Mn ratios connects silver deposits with porphyry

copper deposits

The use of Fe-Mn ratios by K. C. Watts and J. R.
Hassemer proved useful for distinguishing pyritic
zones in the vicinity of Santa Rita, N. Mex. The
geochemical data delineated a northeast-trending
zone of high Fe-Mn interpreted as pyritic altera-
tion that extends 6.5 km to the northeast in the
same trend as altered dikes and faults in the area.
The area is underlain mainly by normally low-iron
carbonate rocks. The Fe-Mn pattern bulges and in-
tensifies at the Georgetown silver district, 7.3 km
northeast of Santa Rita. The high Fe-Mn ratio is
accompanied by northeast-trending strong anomaly
patterns in copper, lead, zine, and silver. Northeast-

ward movement of mineralization solutions and a
cogenesis for the Santa Rita copper deposits and
the Georgetown silver deposits were inferred.

Weathered halos of iron and manganese oxides outline

porphyry copper systems

According to K. C. Watts and J. R. Hassemer,
heavy minerals derived from active dry arroyo sedi-
ments in New Mexico and analyzed by emission
spectrography appear to afford a rapid method of
delineating hypogene manganese-oxide haloes that
are the distal portion of the porphyry copper-base
metal zonation mode. Similarly, iron-oxide zones
may indicate zones of intense pyritic alteration
where the bedrock is such that mafic minerals are
suitably scarce. The pyrite zones are weathered to
limonite but show close correlation with strong
anomalies in the nonmagnetic (ore mineral) frac-
tion of the concentrated sample; thus, a close spa-
tial association with sulfide mineralization is indi-
cated, perhaps corresponding to the quartz-pyrite-
sericite zone of the porphyry-copper alteration
model. The manganese-oxide haloes similarly would
indicate the propylitic fringe of the porphyry copper
model, and, as such, these haloes would be useful
in identifying discrete porphyry copper systems,
especially where there is no surface exposure of the
deposit.

Manganese halo along a fault indicates possible porphyry

copper deposit

A weathered, probably hypogene zone of high
manganese was traced along the Mimbres fault zone
for about 28 km by K. C. Watts and J. R. Hassemer.
The pattern begins in the northwest at the Shingle
Canyon zine mine .and terminates and broadens in
the southeast near the town of Swartz, N. Mex.
Metal anomalies are scattered along this zone. The
manganese halo departs from the Mimbres fault
trend at the Rose copper mine, around which it
loops. The area within the manganese halo is a
strong aeromagnetic high, which is also enveloped
by a molybdenum halo. A similar manganese halo is
associated with the Santa Rita porphyry copper de-
posit to the west. A narrow area of low manganese
separates the haloes of high manganese around
Santa Rita and around the Rose mine. Metals such as
copper show the same pattern as manganese. There-
fore, the geochemical and geophysical evidence to-
gether indicate a possible buried mineralization
porphyry near the Rose mine representing a system
that is separate and discrete from Santa Rita, each
system being defined by a separate manganese halo.
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STUDIES INVOLVING THE USE OF WATER,
VOLATILES, OR VEGETATION

Chemical analyses of water and statistical technique define
possible molybdenum mineralization

W. R. Miller and W. H. Ficklin (1976) reported
a possibly significant geochemical anomaly in the
White River National Forest, south of Aspen, Colo.,
near Hunter Peak. Chemical analyses of waters col-
lected from streams, mine drainages, and springs in-
dicate two areas of mineralization. Copper-zinc
mineralization is greatest along Cataract Creek and
probably represents small-volume vein-type miner-
alization. More important is the possible molyb-
denum mineralization centered west of Hunter Peak.
On the basis of a chemical analysis of the waters,
the molybdenum mineralization is probably less than
200 m below the surface.

@-mode factor analysis of the chemical variation
of the waters indicates a general zoning pattern. A
molybdenum mineralization pattern is centered
around Hunter Peak, a copper-zinc mineralization
pattern surrounds the molybdenum mineralization
pattern, and a pyrite mineralization pattern is per-
vasive throughout the area but generally surrounds
and partly coincides with the copper-zinc mineral-
ization pattern.

Analysis of soil gases from an active geothermal area

Soil-gas samples collected by M. E. Hinkle from
soils by means of molecular sieve absorbers buried
in the ground over an active geothermal area in the
Western States were analyzed by mass spectrometry,
gas chromatography, and atomic absorption. Above-
average concentrations of helium, carbon oxysulfide,
carbon disulfide, and mercury were found in the
Roosevelt Hot Springs Known Geothermal Resource
Area near Milford, Utah.

Biogeochemical data delineate mineral belts in the Coeur
d’Alene district

Vegetation is being used as a sample medium to
test the ability of various conifer species to delin-
eate areas of known and suspected mineral belts as
revealed by rock and soil samples. Preliminary
evaluation of biochemical data in the Coeur d’Alene
district of Idaho and Montana by J. B. Cathrall and
G. B. Gott delineated, regardless of the species sam-
ples, known existing mineral belts and the possible
extension of these belts.

GEOCHEMICAL INDICATORS OF MINERALIZATION

Samples characterize different parts of porphyry metal systems

G. J. Neuerburg reported that rock and soil sam-
ples are equally useful in flagging areas of mineral-
ized rock and in characterizing porphyry metal sys-
tems in Colorado. Soils are enriched in ore elements
and depleted in rock elements in comparison with
matching rocks, and thus the changes caused by
mineralization are magnified. The distribution of
metals in soils delineates the distribution of ore
minerals, mostly from vein deposits, whereas the
distribution of metals in rocks conforms to zones of
pervasive hydrothermal alteration that are spatially
related to the sites of disseminated porphyry metal
deposits.

Use of gold signatures in exploration

J. C. Antweilerand W. L. Campbell reported that
gold has a characteristic signature for each of sev-
eral types of ore deposits, including porphyry cop-
per deposits. The signatures of gold from three
porphyry copper deposits (Cala Abajo, Puerto
Rico; Butte, Mont.; and Mineral Park, Ariz.) had
similar ratios of gold, silver, and copper and similar
trace-element contents. Thus, a signature of gold
that shows a Au-Ag ratio of about 8 and a Au-Cu
ratio ranging from 500 to 2,000 and that is charac-
terized by lead, bismuth, antimony, and zinc may be
derived from a porphyry copper. The conditions of
formation of several other kinds of ore deposits are
likewise reflected in distinctive signatures of gold
derived from the deposits. Because gold is associated
with a wide variety of ore deposits, determination
of its signature may be a useful guide in mineral
exploration.

Monazite as a possible indicator of ore deposits

Oolitic dark monazite with an average of 0.31
percent europium oxide (Eu.0.) and 0.88 percent
thorium oxide (ThO.) was identified by Sam Rosen-
blum in panned concentrates from over 60 sites in
Alaska and from 9 sources in southwestern Mon-
tana where phosphatic beds are thermally meta-
morphosed by granitic intrusive rocks. Field rela-
tions in Montana indicate that dark monazite forms
in the outer part of the contact metamorphic zone.
Dark monazite was reported in 11 other areas in
Africa, Europe, and Asia; the few published anal-
yses are remarkably similar to those for dark mona-
zite in the United States.

Dark monazite has potential as a guide to ore,
for, in addition to being an ore of the rare-earth
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elements (in France), it may indicate phosphatic
layers and possible metalliferous veins in a con-
tact zone, especially in poorly known areas. Recent
identification of dark monazite in heavy-mineral
concentrates from northern Pakistan and the
beaches of Bangladesh indicate that these areas are
worth exploring for mineral resources. The upper
limit of stability (300°C) may be useful to oil-ex-
ploration geologists.

STUDIES INVOLVING RADIOACTIVE MATERIAL

Water and stream-sediment samples used in uranium

exploration

Correlation and multivariate R-mode factor anal-
yses were made on stream-sediment and water sam-
ples from Arizona, Colorado, and New Mexico by
K. J. Wenrich-Verbeek and D. B. Collins. The
minor- and trace-element concentrations in stream
sediments are greatly enhanced with decreasing
grain size. The strong correlation coefficient for
uranium and grain size indicates that, if anomalous
concentrations of uranium are not to be overlooked,
the sample must not be diluted with the coarse low-
uranium fraction; only grain-size fractions less than
90 pm (170 mesh) should be analyzed for uranium.
Most elements showed higher concentrations in
water samples allowed to remain unfiltered until
the time of analysis and particularly high concen-
trations in samples acidified in this condition. These
increases in element concentrations for unfiltered
samples are an especially serious problem for turbid
water; consequently, the use of filtered samples is
recommended to increase sample homogeneity and
reproducibility. Uranium in water correlates direct-
ly with Ca, Mg, Na, K, Ba, B, Li, and As. It is ap-
parent from this study that uranium in water is
most closely related to the alkalies and alkaline
earths. Thus, conductivity, which is dependent on
the concentration of these major ions, can be used
effectively and easily as a control to normalize the
uranium values so that the effects of evaporation
and dilution, caused by decreased or increased
stream discharge, can be minimized. The number
of elements that show a positive correlation with
uranium in stream sediments is greater than the
number that correlate with uranium in stream
water. Twenty-one elements show a significant cor-
relation with uranium, although only Th, Nb, Y, P,
Ce, Yb, Li, Se, and Mg show strong positive cor-
relations with uranium, whereas silica (Si0.) shows
a strong negative correlation. Because the correla-
tion between uranium and coexisting elements in

stream water and uranium and coexisting elements
in stream sediments is not as good as might be ex-
pected, it is necessary to sample both simultane-
ously.

Radium as a geochemical guide to uranium deposits

Radium concentrations detected in many mineral
springs and some wells exceed equilibrium with the
amount of uranium present. Research by R. A.
Cadigan and J. K. Felmlee showed that this condi-
tion is causd by the greater solubility of radium, in
comparison with uranium, in reducing acidic or
chloride-rich water. Major-ion and pH analyses of
numerous ground waters and some surface waters
in Arizona, Colorado, New Mexico, and Utah
showed that uranium tends to exceed equilibrium
with radium in neutral to slightly alkaline bicar-
bonate- or sulfate-rich surface water and some
ground water (probably oxidizing). However, radi-
um tends to exceed equilibrium with uranium in
neutral to slightly acid bicarbonate- or chloride-
rich ground water (probably reducing). The large
concentrations of radium detected in some mineral
springs associated with faults were probably trans-
ported from uranium-bearing portions of the un-
derlying fracture system by chloride-rich ground
water.

NEW ANALYTICAL METHODS

Copper, zinc, and lead determinations for geochemical

exploration

An atomic absorption spectrophotometric method
was developed by R. F. Sanzolone and T. T. Chao
for determining copper, zine, and lead in geochemi-
cal samples. The sample is digested with HF-HCI-
H.O.; the final solution for analysis is in 10 percent
HCl. Copper and zinc are determined directly by
aspirating into an air-acetylene flame. A separate
aliquot of the solution is used for determining lead;
lead is extracted from the acidic solution in the
presence of iodide and ascorbic acid. As much as 40
percent Fe and Ca and 10 percent Al, Mg, or Mn in
the sample do not interfere. The method can be ap-
plied to the determination of copper, zinc, and lead
in a wide range of geological materials, including
iron- and manganese-rich calcareous and carbonate
samples.

Chemical dissolution of sulfide minerals

Chemical dissolution techniques involving the use
of aqua regia, 4N HNO,, H.O,-ascorbic acid, KClO;
+HC], and KC10,+HCI followed by 4N HNO. were
applied by T. T. Chao and R. F. Sanzolone to speci-
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mens of nine common sulfide minerals (galena, chal-
copyrite, cinnabar, molybdenite, orpiment, pyrite,
stibnite, sphalerite, and tetrahedrite) mixed indi-
vidually with a clay loam soil. The resultant de-
crease in the total sulfur content of the mixture, as
determined by the Leco induction furnace, is used
to evaluate the effectiveness of each chemical treat-
ment. A combination of KCI,+HCI followed by 4N
HNO, boiling gently for 20 minutes has been shown
to be very effective in dissolving all the sulfide min-
erals. This treatment - is recommended to dissolve
metals residing in sulfide minerals admixed with
secondary weathering products as a step in a frac-
tionation scheme whereby metals in soluble and
adsorbed forms, and those associated with organic
materials and secondary oxides, are first removed
by other chemical extractants.

X-ray determination of titanium

An X-ray-fluorescence method was developed by
A. E. Hubert and T. T. Chao for determining tita-
nium in geologic materials. A rock or soil sample is
decomposed with a mixture of hydrofluoric and sul-
furic acids. After evaporation, the residue is dis-
solved in 5-percent hydrochloric acid. A microliter
portion of this solution is dried on a filter-paper
circle for X ray. Interferences caused by particle-
size variations and absorption of X rays common to
the analysis of powder samples have thus been mini-
mized or eliminated. Results obtained on diverse
geologic materials compare favorably with accepted
values. The range of determination of this method
is 0.02 to 10 percent, which covers titanium values
both below and above the crustal abundance.

Solvent extraction eliminates interferences and increases
sensitivities

Major rock-forming cations, particularly calcium
and iron, were found by J. G. Viets to cause en-
hancement in atomic-absorption determinations of
silver, cadmium, bismuth, and lead. Such enhance-
ment may amount to 300 percent when silver or
cadmium is determined at the 0.1-ppm level in an
acid solution. When background correction by deu-
terium arc is used, suppression of silver and cad-
mium values is as great as 60 percent owing to de-
creased aspirator efficiency caused by the major
elements in an acid solution.

A liquid ion-exchange process using Aliquat 336
has been developed; the process will selectively ex-
tract Ag, Bi, Cd, Cu, Pb, and Zn from potassium-
chlorate hydrochloric-acid-digestion solutions of
geologic materials containing potassium iodide in

the organic extract without any major element in-
terference. Silver, cadmium, copper, and zinc can
be determined at the -0.02-ppm level, and lead and
bismuth can be determined at the 0.2-ppm level.

Spectrochemical determination of submicrogram amounts of
tungsten

R. W. Leinz and D. J. Grimes reported that the
use of spectrochemical techniques for determining
submicrogram amounts of tungsten in geologic ma-
terials could be very useful in geochemical explora-
tion for concealed tungsten deposits. The low de-
termination limit (0.2 ppm) would also aid in a
number of geochemical investigations involving
tungsten (for example, source rock, channels of
mineralizing solutions, and mobility of tungsten
ions in solution).

RESOURCE INFORMATION SYSTEMS
AND ANALYSIS

RESOURCE DATA BASES

Computerized Resource Information Bank

The Computerized Resource Information Bank
(CRIB) continued to grow in size and use under
the direction of J. A. Calkins. In addition to the
Tennessee Valley Authority, the U.S. Forest Serv-
ice, and the U.S. Bureau of Mines, the Bureau of
Land Management recently joined CRIB users and
contributors. The CRIB file also widened its user
community with the implementation of a worldwide
CRIB Public User Service through the computer
facilities of the University of Oklahoma and the
General Electric Company’s International Time-
sharing Service. Subscribers can now reach the
CRIB file by local telephone from 500 cities around
the world. Twelve companies presently subscribe to
the General Electric CRIB service.

The USGS in-house CRIB operation presently
supports 27 batch and time-sharinging terminals
in 16 cities on the USGS computer equipment at
Reston, Va. This in-house operation supports main-
ly USGS users and users that have entered into co-
operative agreements with the USGS.

Geothermal Data Base

The GEOTHERM geothermal resources file, un-
der the direction of J. A. Swanson, is now fully op-
erational. GEOTHERM was designed to collect and
make readily available the increasing amount of
data relating to world geothermal resources. The
file is a part of the International Geothermal Infor-
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mation Exchange Program, which was initiated at
the First Geothermal Implementation Conference,
held in New Zealand in 1974.

GEOTHERM contains data on the physical char-
acteristics, geology, geochemistry, and hydrology of
geothermal resources. The file is organized into
three subtopics: (1) Geothermal fields, (2) geo-
thermal wells, and (3) chemical analyses. Field
records contain information on the location, geology,
reservoir properties, and reserves of geothermal
fields. Geothermal well records contain data on the
location, well flow, temperature, pressure, and en-
thalpy of geothermal drill hole. Chemical analysis
records include information on chemical concentra-
tions and collection conditions of geothermal waters.

The GEOTHERM file will be used in an assess-

ment of the geothermal resources of the United
States in 1978 as part of the USGS geothermal pro-
gram. The Division of Geothermal Energy of the
Energy Research and Development Administration
(ERDA) is initiating an effort to collect and con-
tribute low-temperature geothermal data to GEO-
THERM. These data will be used to assist ERDA
in evaluating geothermal resources for nonelectric
uses. '
The information in the file is also available to the
public as computer printouts, tabular reports, for-
matted records for extended computations, and
maps.

National Atlas data file

R. A. Weeks, with the assistance of N. A. Wright,
established a computer file to be used for updating
the mineral-resource maps shown in the National
Atlas. The file contains information on the loca-
tions and relative sizes of more than 2,100 mining
districts and (or) deposits in the United States.
Computer generation of maps will allow various
subsets of districts to be displayed at a variety of
scales and will thus provide a quick means for spot
checking the locations of the districts. In addition,
computer-derived subsets of districts can be ob-
tained on the basis of commodities or groups of
communities, region, State, or range of latitude and
longitude for editing or graphic display. The file is
presently stored, manipulated, and retrieved from
the computer by the Geologic Retrieval and Synop-
sis Program (GRASP). All retrievals from and
manipulations of the file are interactive.

RESOURCE MODEL STUDIES

Resource appraisal and discovery rate models

On the basis of discovery and exploratory drill-
ing-time series data, L. J. Drew developed a method

to estimate the distribution of the sizes of deposits
remaining to be discovered. The model is based on
the area of influence of an exploratory drill hole and
does not require assumptions about either the effi-
ciency of exploration or the size of the effective
search area. These two quantities are estimated
from the data.

Additional studies directed toward an analysis
of operator behavior in the exploration process
demonstrate that the discovery expectations exhibit
several systematic properties. The most significant
of these properties is that favorable expectations
appear to be sustained by the quantity of oil dis-
covered per time period rather than by the discovery
of a specific minimum size of deposit.

Regional resource assessment methods

A new method of regional mineral-resource as-
sessment was developed (Singer, 1975) and applied
in the Nabesna (Richter, Singer, and Cox, 1975),
Tanacross (Singer, Curtain, and Foster, 1976), and
McCarthy (Singer and MacKevett, 1976) quad-
rangles of Alaska. The method provides an estimate
of the number of deposits (both known and undis-
covered) in an area. In addition, associated grade
and tonnage estimates for the deposits are provided
in a probabilistic manner. Because these analyses
are important in the decisionmaking process, the
criteria used to select favorable areas are also listed.

The effect of not recognizing resource targets
with drill holes or samples was analyzed by the
area-of-influence method (Singer, 1976). Results
suggest that, for circular targets, search effective-
ness might be increased by selecting a technique
having a high rate of not recognizing targets if the
cost per sample drops enough to greatly increase the
sample size.

Weighted characteristic analyses

A technique for quantitatively aggregating data
on geochemistry, geophysics, geologic attributes,
and remote sensing was developed by J. M. Botbol
and R. B. McCammon (USGS) and Richard Siding-
Larsen (Geological Survey of Norway). The tech-
nique requires that data be represented in a Boolian
notation—that is, 1’s and 0’s and a subsequent com-
parison of aggregated data against a known mine
or mineralized (model) area to assess similarity.
The development of this methodology, which com-
putes the similarity between the model and any
other area, allows for the rapid and quantitative as-
sessment of an area for its resource potential.

The technique was originally applied to geochemi-
cal analyses for 11 selected elements in 4,000 rock
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samples collected in the Coeur d’Alene district of
Idaho. Data were modeled and transformed to a
binary representation of filtered second-derivative
surfaces, where 1 represents a negative second-
derivative value and 0 represents all other second-
derivative values. Twelve mineral-belt areas were
designated as models, and the weighted elemental
signature of the aggregated model (that is, all 12
areas) was computed. By using the weighted sig-
nature for the aggregate model, each cell of the en-
tire region was compared with the model, and the
degree of association was computed. The highest
degree of association shows exploration target
areas that fall into two groups: (1) Those that con-
form with prior knowledge and would normally be
selected as targets (by means of conventional tech-
niques) and (2) those that fall in areas of limited
prior knowledge. All results indicate that the tech-
nique performs in a dynamic manner and suggest
areas of high resource potential.

Dynamic modeling studies of critical commodities

Two models are being developed by M. S. Hamil-
ton to assess the interrelationships between energy
requirements for mineral production and commodity
requirements for energy production. The first model
assesses the nonfuel raw-material requirements of
alternative mixes of energy sources and locates con-
straints on energy development owing to inadequate
mineral supplies. The second model assesses the im-
pact on energy costs of mining lower grade ores,
the increased potential for recycling metal owing to
higher energy prices, and the changes in material
usage owing to the changed energy situation.

ENERGY-RELATED MINERAL STUDIES

Adequate mineral supplies for a sustained econ-
omy should be a matter of deep concern, particular-
ly in view of the large quantities of minerals and
materials required for energy production and the
serious consequences that will follow in the event
of deficiencies. The United States’ proposed energy
independence depends on adequate supplies of non-
fuel-mineral raw materials.

Minimum estimates of nonfuel-mineral raw-ma-
terial requirements (G. H. Goudarzi, L. F. Rooney,
and G. L. Shaffer, 1976) for all energy types indi-
cate that concrete and iron are needed in the largest
tonnages but that ‘“‘substantial” quantities of other
materials such as aluminum, barite, bentonite, man-
ganese, and nickel must also be available if the Na-
tion’s energy goals are to be reached by 1990.

A minimum of about 2.5 billion barrels of oil
equivalent may be required to produce 20 selected
mineral commodities needed by the energy indus-
tries through the next 15 years; 18.5 billion barrels
of oil equivalent may be required to produce a sup-
ply sufficient to meet the domestic demand for those
minerals during the same period. This amount of
energy, equal to more than half of the known U.S.
recoverable petroleum reserves, is only a fraction
of the energy required to produce the 90 or more
mineral commodities used in the total economy.
Thus, imports of mineral raw materials and semi-
fabricated or processed material also constitute
energy’ imports. Substitution of domestically pro-
duced materials for imports will further stress do-
mestic energy production.

Further research conducted by J. H. DeYoung,
Jr., into changes in Canada’s Federal and Provin-
cial tax laws—studies begun under the Comparative
Study of Canadian-United States Resource Pro-
grams—showed that declines in mineral explora-
tion activity in Canada, especially in British Colum-
bia, have resulted from some attributes of those
laws that could have been avoided. First, the higher
taxes imposed on an industry whose prices are set
in competitive world markets may result in reduced
output and employment by that industry. Second,
a gross-profits tax such as the British Columbia
Mineral Royalties Act of 1974 may prevent a firm
from recovering the average fixed-cost component
of the value of total product and thus result in the
demise of the firm. Finally, coordination both at
different levels of government and between analysts
of different physical and social science disciplines is
needed to avert unexpected and, in many cases, un-
desirable effects of policy actions.

COAL RESOURCES

Development of phase i, National Coal Resources Data System

Computer software development for phase II of
the National Coal Resources Data System involves
the analysis of coal-resources information. The soft-
ware developed by S. M. Cargill and A. C. Olson
produces contour maps on an interactive graphics
terminal and on computer-controlled plotting equip-
ment. The software encompasses techniques that
simplify the operational burden imposed on the user,
reduce the burden placed on the computer resources,
and result in minimal response times. The proce-
dures available with this software can be used to
perform analysis and mapping tasks that heretofore



MINERAL-RESOURCE AND MINERAL-FUEL INVESTIGATIONS

had been done manually. The system permits the
geologist to review and edit his results at various
points throughout the procedure.

A set of maps containing geologic and engineer-
ing information on the Cache coal bed in the Re-
cluse Model Area of northern Campbell County,
Wyoming, were prepared both by computerized
modeling and by traditional manual compilation by
R. G. Hobbs and E. R. Landis (USGS) and G. B.
Schneider (Bureau of Land Management) as an ex-
periment in the presentation of data. The computer-
ized maps fulfill several functions: (1) Data breaks
are called to the geologist’s attention and (2) the
complete computer-generated map forces the geol-
ogist to recheck many of his own interpretations
and hypotheses.

Participation in interagency EMRIA program

In support of the Energy Minerals Rehabilitation
Inventory and Analysis (EMRIA) program ad-
ministered by the Bureau of Land Management
(BLM), many investigational phases of which are
conducted by the USGS and the Bureau of Reclama-
tion, E. R. Landis, T. A. Ryer, W. C. Culbertson,
D. R. Hatch, M. W. Glenn, W. J. Mapel (USGS)
and G. B. Schneider (BLM), made preliminary ap-
praisals of coal quantity and quality for the follow-
ing reclamation study sites: Bisti West in San Juan
County, New Mexico; Foidel Creek in Routt County,
Colorado; Red Rim, Sweetwater, and Carbon Coun-
ties, Wyoming; Bear Creek in Powder River
County, Montana; and Horsenose Butte in Dunn
County, North Dakota. Each site was selected be-
cause it is representative of conditions within a
larger area and because it yields much geologic and
engineering information applicable to problems of
resource recovery and mined-lands reclamation.

The Bisti West site contains about 74x10° t of
coal resources with 61 m or less of overburden in a
10.4-km* area. A larger area including the site
proper—about 15.5 km*—contains estimated iden-
tified resources of about 158x10° t, about 62 per-
cent of which is overlain by 61 m or less of over-
burden. The coal has an apparent rank of subbitu-
minous A. Analyses of 16 core samples from the
study area gave the following average values for
the coal on an as-received basis: Heat, 18.7x10°
J/kg; ash, 22.2 percent; and sulfur, 0.5 percent.
Analyses of 79 samples of coal from the San Juan

River region indicate that the trace-element con- |

centrations are generally below the average for
these elements in the continental crust; only the
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concentrations of selenium and boron are higher by
more than an order of magnitude.

The Foidel Creek reclamation study site, almost
11 km?, is included in a study area of about 130
km:. Coal is present as two persistent beds in the
lower coal-bearing unit of the Williams Fork For-
mation—the Wadge coal bed, stratigraphically the
higher of the two, and the Wolf Creek coal bed,
about 52 m below. The Wadge coal bed is as much as
3.7 m thick and contains about 317X10° t of re-
sources in the study area. In the site proper, the
Wadge coal bed contains about 36x10° t of coal,
28%x10° t of which are beneath overburden 61 m
thick or less. The Wolf Creek coal bed locally ex-
ceeds 6 m in thickness and contains about 434 Xx10°
t of resources in the area; the site proper is under-
lain about 50 10° t of Wolf Creek coal.

The Red Rim reclamation study site, an area of
about 18 km?® contains estimated demonstrated coal
resources of about 32x10° t and inferred resources
of about 1.8x10% t. The estimated resources are in
four closely spaced beds with 61 m of overburden
or less; about half the estimated resources are with-
in 30 m of the surface. Seventeen analyses of coal
samples from the area indicate that, on an as-re-
ceived basis, the coal has an average heat value of
about 18.8%x10° J/kg, about 10.4 percent ash, and
about 0.4 percent S.

The Bear Creek reclamation study site, an area
of about 23 km?, is underlain by almost 150X10° t
of coal, all under less than 61 m of overburden.
About 144x10° t are demonstrated resources, and
80X 10" t are overlain by less than 30 m of over-
burden. The coal is in three beds, all of subbitu-
minous C rank. The as-received heating value of
the coal ranges from 17.9 to 20.9x10° J /kg, the ash
content ranges from 3 to 6 percent, and the sulfur
content ranges from 0.2 to 0.5 percent.

The Horsenose Butte reclamation study site, an
area of about 15.5 km?, contains estimated demon-
strated coal resources of more than 87x10¢ t in four
coal beds with 61 m of overburden or less. The Dunn
Center coal bed alone contains 65Xx10° t, almost
43x10° t of which are overlain by less than 30 m
of overburden. The average analysis of 25 samples
of Dunn County lignite on an as-received basis is
40.6 percent moisture, 7 percent ash, 0.6 percent S,
and a heat value of 14.6x10° J/kg.

Coal resources in the Recluse Model Area

The Canyon coal zone in the 518-km® Recluse
Model Area of northern Campbell County, Wyo-
ming, contains as much as 4.1xX10" t of coal in a
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net thickness of 3 m or more, as estimated by E. R.
Landis and R. G. Hobbs (USGS) and G. B.
Schneider (Bureau of Land Management). Much of
this coal might become strippable if the Anderson
coal seam, which lies less than 61 m above, and the
Dietz coal zone, which intervenes between the
Anderson bed and the Canyon coal zone, are surface
mined in areas where they contain recoverable re-
sources. In parts of the area, the Canyon coal zone
is associated with silty sandstone beds—probably a
meander channel sequence—that are very poorly in-
durated, are aquifers, and contain methane gas.
Traditional underground mining of the Canyon
coal would be difficult and perhaps wasteful; sur-
face mining or development by in-situ methods
might be more practical and economical.

One of two drill holes planned to obtain core sam-
ples of coal beds at depths up to 244 m has been
completed in the Recluse Model Area. According to
Hobbs and Landis, the Cook, Wall, Pawnee, and
Cache coal beds contain coal that is recoverable by
underground mining or that may be developed by
in-situ methods in the area. Prior to completion of
the core hole, only the presence and probable thick-
ness of these beds could be interpreted from geo-
physical well logs.

Coal-bed correlation by tonstein identification

B. F. Bohor contended that the thin widespread
partings in coal beds are tonsteins that originated
as altered volcanic dust layers. Laboratory and field
evidence combine to support this identification
(Bohor, Hatch, and Hill, 1976). Because a tonstein
originates as fall from airborne volcanic dust, in-

dividual partings can be considered as isochronous .
marker horizons, and their clay-mineral content{

may be a direct function of the degree of marine
influence (salinity) on the depositional environ-
ment. The zircon content of tonsteins has been
shown to give radiometric dates by the fission-track
method.

Bohor identified and traced the Felix coal bed in
the Wasatch Formation over an area of more than
2,590 km? in the Powder River basin of Wyoming by
using the contained tonstein layers for correlation.
The study showed that the Felix coal bed at ex-
posures in the Twentymile Butte quadrangle north-
west of Gillette, Wyo., is the equivalent of the
Arkansas coal zone in the Ulm quadrangle more
than 96 km to the northwest. The presence of ton-
steins made this correlation feasible in spite of the
discontinuity of exposures across the Powder River
basin and the changes in the physical character of
the coal bed.

Coal-bed characteristics related to ancient environments

Sedimentological studies of coal and related rocks
in the Breathitt Formation of Lawrence County,
Kentucky, and Wayne County, West Virginia, con-
ducted by R. M. Flores, C. W. Connor, P. T. Hayes,
D. E. Ward, and D. J. Sanchez showed that coal
beds that formed in the seaward parts of the lower
delta plain tend to be persistent and uniform in
thickness, whereas coal beds that formed in the
upper delta plain or interfluvial swamps are dis-
continuous but locally thick. Preliminary evalua-
tion of incomplete quality studies indicate that the
fluvial coals have lower sulfur contents than the
other coals.

Content of selected trace elements in coal
Results of analyses for some 35 to 50 chemical
determinations on each of 799 samples of coal from

TABLE 1.—Summary of data for selected coal samples

All coal Anthracite Bituminous Subbituminous Lignite
Element (799 (53 (509 (183 (54
samples), samples), samples) samples), samples),
ppm ppm ppm pPpm pPpm
Content of element in coal
As . 15 6 25 3 6
P 74 61 7 63 94
He . ____. .18 15 .20 12 .16
Sb . 1.1 .9 14 i N
Se o 4.1 3.5 4.6 1.3 5.3
Th o _.__. 4.7 5.4 4.0 3.3 6.3
U - 1.8 1.5 1.9 1.3 2.5
Content of element in ash of coal
Cd . 7.3 1.5 12.3 1.0 3.6
Cu . 166 314 190 95 93
) 5 142 291 167 61 60
Pb . ___ 114 95 151 44 61
Zn ____________ 278 151 368 173 114
Ash (percent)._._ 13.3 12,5 13.9 10.8 21.6
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28 States were released in open file (Swanson and
others, 1976). Most of the samples were taken from
operating mines, and about 80 percent were collected
by personnel of State Geological Surveys under co-
operative arrangements within the USGS. A sum-
mary of the data on the samples includes the fol-
lowing average contents, in parts per million, for
12 elements that are of environmental or potential
economic importance during the mining and utiliza-
tion of coal (table 1).

Sulfur in peat and coal

The molecular weight of iron is 55.8, and the
molecular weight of sulfur is 32; thus, the ratio of
sulfur to iron in pyrite is 64 :55.8. According to A.
J. Bodenlos, by applying this ratio to the sulfur
contained in the pyrite of coal, one ecan determine
the amount of iron tied up in pyrite, and that
amount can then be compared to the total iron con-
tent in coal. The tabulation shows the average per-
centages of organic sulfur and sulfur in pyrite and
the total iron content of the various ranks of coal,
culled from a report on chemical analyses of U.S.
coal samples (Swanson and others, 1976, tables 44
and 4C). The tabulation also shows the calculated
iron equivalent of the sulfur in pyrite, the excess
iron oceurring in some other mineral form, and the
percentage of excess iron as compared with the total
iron content of these same national averages:

Organic S, S in pyrite Fe in pyrite,

percent ) percent percent
Lignite ___________ 0.75 0.68 0.59
Subbituminous ____ .32 .35 .30
Bituminous _______ .88 1.70 1.47
Anthracite _______ .48 .35 .30

Total Fe, Excess Fe, Percent excess

percent percent Fe to total Fe
Lignite ___________ 2.0 1.41 70
Subbituminous ____ .52 22 42
Bituminous _______ 2.2 .73 33
Anthracite ________ .44 .14 32

Aside from an unknown but relatively small
amount of sulfur contained in living plants that
since have been altered to coal, the remaining sul-
fur results from the anaerobic bacterial reduction
of sulfate ions to sulfide ions within the original
peat-forming swamps. The sulfide ions either com-
bine with iron to form pyrite or become attached to
dead organic material and form part of the organic
sulfur content of the peat. The tabulation suggests,
particularly in high-sulfur coals, that some frac-

tion of the bacteriologically generated sulfide will
attach itself to organic material, despite the avail-
ability of sufficient iron to react with all the gen-
erated sulfide.

The excess of iron in very low sulfur coals, such
as those found in some basins of the Rocky Moun-
tain System, may result from a different condition—
a paucity of bacteriologically generated sulfide. The
organic sulfur content in some of those coals is so
low that much or most of it could have accumulated
in the original living plant matter. When this or-
ganic sulfur is coupled with an accompanying low
pyrite content, it would appear that sulfide-ion gen-
eration by anaerobes was minimal—or, put in an-
other way, the sulfate content of the original swamp
waters was exceedingly low. As a consequence, there
may not have been enough sulfide ions available to
convert all contained iron to pyrite.

Analysis of the forms of sulfur in peat from dif-
ferent regions confirmed for Z. S. Altschuler and
C. S. Zen the idea of a marine source for the ex-
cessive sulfur in high-sulfur coals. Peat in the fresh-
water Everglades region of Florida contains only
0.5 to 1.0 percent S, mostly organic. Saltwater peat
in the Everglades and saltmarsh peat of the Louisi-
ana Delta Plain (collected in a cooperative study
by personnel from the Coastal Studies Institute of
Louisiana State University) contain from 1.0 to
4.5 percent S. The higher values reflect an increase
in sulfide sulfur (as in coal). In peat beds from
both the freshwater Everglades and the Delta salt-
marsh, the sulfide content is greatest, and the or-
ganic sulfur content is complementarily less, in the
basal zone. This characteristic may be caused by
bacterial use of organic matter and the fixation of
organic sulfur as sulfide. However, the normal quan-
tities of organic sulfur are inadequate to account for
all sulfide in this manner. Bacterial fixation of
marine sulfate remains the likeliest source of much
of the sulfide.

Peat deposits in the Front Range of Colorado

J. C. Sarnecki reported that, on the eastern slope
of the Front Range in Colorado, peat deposits are
formed in fens, mires, and carrs (waterlogged
woodland communities) along stream valleys, be-
hind glacial moraines, and in nivation basins. The
organic matter is mostly reed-sedge peat, formed
from sedges (Carex), and woody shrubs such as
willow (Saliz) and birch (Betula). The fresh peat
commonly is brown to yellow-brown, spongy, fi-



20 GEOLOGICAL SURVEY RESEARCH 1977

brous material that contains less than 25 percent
ash. ‘

The peat deposits are important as soil condi-
tioners and, in their undisturbed state, are environ-
mentally important in controlling floods and main-
taining a stable water table. If the water table drops
because of natural or artificial causes, the peat dries
out and oxidizes, the pH increases, and the plant
succession changes as conifers invade the peat
swamp. These changes decrease the commercial
value and environmental effectiveness of the peat
deposit.

Minerals identified in polished coal mounts

R. B. Finkelman’s examination of polished
mounts of coal from the Waynesburg coal bed in
Monongalia County, West Virginia, furnished by
R. W. Stanton, revealed the presence of (1) abun-
dant rare-earth-bearing phosphates and silicates,
(2) authigenic iron-rich chromite as 1- to 2-xm
rims that are always found in the same relative
orientation on host quartz grains, (3) nickel sili-
cates and a nickel-bearing iron-rich chromite, (4)
relatively large crystals of an olive-green amphi-
bole that are, on the average, 10 times larger than
detrital quartz (20 ym), (5) authigenic magnetite
octahedra, and (6) a fleck of gold. The accessory
minerals may be the key to determining the sources
of the trace elements found in the ash of coal.

Gas and leachate from burning culm banks

R. B. Finkelman reported-that analysis of the
gases collected from a burning culm bank (coal-
mine waste dump) near Mather, Pa., indicated the
presence of argon and nitrogen in the same propor-
tions found in the atmosphere; oxygen, however,
was lower, but the carbon and sulfur dioxides were
substantially higher. The leachate from the waste
pile contained 20 times more arsenic than other
close-by waters. Minerals found on the culm bank
included sulfur, mascagnite (ammonium sulfate),
thenardite (sodium sulfate), halite (sodium chlo-
ride), syngenite (hydrous calcium-potassium sul-
fate), picromerite (hydrous magnesium-potassium
sulfate), and several as yet unidentified phases.

Improved bioelectric cell to treat acid mine water

In his studies on the treatment of acid mine
water, F. D. Sisler successfully used several all-
glass two-chambered laboratory cells to rapidly
neutralize acid waters; mineral-like waxes were a
byproduct of the process. Carbon tetrachloride ex-
tracts that had been saponified showed infrared

spectra closely resembling ceresin. The microorgan-
isms involved in the formation of the waxes were
a mixed flora including sulfate reducers, agar lique-
fiers, and gas producers. Free sulfur was also lib-
erated in the process. This electrochemical device
may be useful in explaining natural phenomena in-
volving the formation of hydrocarbons, the produc-
tion of free sulfur, and the natural leaching proc-
esses of ore deposits.

OIL AND GAS RESOURCES

Evaluation of Naval Petroleum Reserve No. 4

A preliminary judgement was made about the
probability of occurrence of Prudhoe Bay-type hy-
drocarbon accumulations in Alaska’s Naval Petro-
leum Reserve No. 4 (NPR-4) on the basis of (1)
results of the 1944-53 Pet-4 exploration program,
(2) recent investigations by R. D. Carter, C. G.
Mull, and K. J. Bird, and (3) the westward projec-
tion of eastern North Slope (primarily Prudhoe
Bay) data.

The Prudhoe Bay oilfield results from a favor-
able combination of structural, stratigraphic, and
geochemical factors. The most critical factor is the
presence of an Early Cretaceous unconformity that
superimposes organic-rich Cretaceous source beds
over the truncated surfaces of upper Paleozoic and
Mesozoic reservoir rocks (Morgridge and Smith,
1972; Jones and Speers, 1976).

The zone of truncation apparently extends north-
westward from the Prudhoe Bay area along the
northern flank of the Barrow arch. The northern
pinchout limit of the most important reservoirs in
the Sadlerochit and Lisburne Groups, however, ap-
parently trends generally westward from the area
of the Colville River Delta. Well data in the central
area of NPR-4 indicate that both groups pinch out
down the southern flank of the Barrow arch (Col-
lins and Robinson, 1967). As a result, the Sadlero-
chit and Lisburne reservoir beds are probably not
present in the northern part of NPR—4 or in most
of the area of the truncation zone on the northern
flank of the Barrow arch. Relatively thick shales of
Jurassic age intervene between the best potential
reservoir rocks and the rich Cretaceous source beds
south and west of Prudhoe Bay. Organic geochemi-
cal analyses (Morgridge and Smith, 1972) indicate
that the hydrocarbon source potential of the pre-
Cretaceous section is less than that of the Creta-
ceous rocks. These data lessen the possibility of
finding giant hydrocarbon accumulations similar to
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the Prudhoe Bay field in the Sadlerochit or Lis-
burne Group in much of NPR-4 south of the Bar-
row arch.

Two on-structure wildcat wells drilled under the
supervision of the U.S. Navy at Cape Halkett and
East Teshekpuk have been abandoned or suspended
as probable dry holes. The lack of success of these
wildcats suggests that the best potential petroleum
accumulations at NPR-4 may be in stratigraphic
traps.

Organic-rich Ordovician inner-arc-basin rocks in central Nevada

The allochthonous Vinini Formation of Ordovi-
cian age in central Eureka County, Nevada, was
found by F. G. Poole to include thin layers of olive-
black shaly mudstone containing as much as 25 per-
cent organic carbon and yielding as much as 5,400
ppm soluble hydrocarbons. The organic matter in
these layers is submature and indicates a thermal
history of persistent low temperatures. However,
these organically immature rocks contain enough
hydrocarbons for petroleum generation in other
parts of Nevada that have a more favorable thermal
regime. The Vinini, which consists principally of
marine chert, mudstone, siltstone, and minor sand-
stone and limestone, is inferred to have been de-
posited along the eastern side of an Ordovician
inner-arc basin west of the Continental Shelf. The
formation was subsequently deformed and obducted.
eastward onto the Outer Continental Shelf as part
of the Roberts Mountains allochthon during the
Late Devonian and Mississippian Antler orogeny.

Cretaceous(?) to Eocene reservoir and source rocks in

eastern Nevada

The Sheep Pass Formation was deposited in
Cretaceous(?) and early Tertiary lake systems oc-
cupying more than 8,060 km? in east-central Nevada.
At the Eagle Springs oil field in Railroad Valley,
beds in the Sheep Pass Formation serve as reser-
voir rocks. Analysis of available core indicates that
the formation also includes a significant thickness
of potential source rock containing in excess of
15 L/t of oil. The Sheep Pass Formation may rep-
resent at least two phases of lacustrine sedimenta-
tion, separated in the area of the Egan Range by
an unconformity. Previously, the entire formation
had been considered Eocene in age on the basis of
mollusk and ostracode biostratigraphy. T. D. Fouch,
however, determined, on the basis of (1) several
well-preserved specimens of the Cretaceous(?)
ostracode Cypridea (Bisulcocypridea) bicostata
from the type section and (2) early Paleocene
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palynomorphs from a core at the Eagle Springs
field, that a Cretaceous(?) to Eocene age is indi-
cated for the first phase of lacustrine sedimenta-
tion. The second lacustrine phase, which resulted in
deposition of the Sheep Pass(?) Formation, oc-
curred in Eocene and Oligocene(?) time.

The new reconstruction of Cretaceous(?) to early
Tertiary depositional systems indicates that lacus-
trine and alluvial units are present in a band about
48 km wide that extends northeast for a distance of
about 168 km. The rocks of the two lacustrine phases
crop out in mountain ranges and are present in the
subsurface of some of the intervening valleys,
where they may contain potential hydrocarbon
source rocks and reservoir beds similar to those
found at the Eagle Springs oil field.

Petroleum source beds and trace elements in the Phosphoria
Formation of Utah and Nevada

The Meade Peak and Retort Phosphatic Shale
Members of the Phosphoria Formation (Permian)
were found by E. K. Maughan to extend west of the
Wasatch Front into northwestern Utah and north-
eastern Nevada. Their organic-carbon content is
similar to the content found in areas east of the
Wasatch Front and to the north in eastern Idaho
and adjacent parts of Wyoming and Montana. Thus,
the content is sufficient to classify the beds in the
northeastern Great Basin as probable petroleum
source rocks.

Average concentrations of trace elements in the
shale members of the Phosphoria Formation in
eastern Idaho and adjacent parts of Montana, Utah,
and Wyoming, determined semiquantitatively by
six-step emission spectrography, are high in Ag (13
ppm), Cr (1,500 ppm), Sr (1,500 ppm), V (1,300
ppm), Y (500 ppm), and Zn (2,100 ppm). The
highest trace-element concentrations in the Meade
Peak are found along the Idaho-Wyoming State line,
whereas the highest concentrations in the Retort
are found in southwestern Montana. Concentra-
tions decrease radially from these centers. Presum-
ably, these trace-metal concentrations, like the phos-
phorites and organic carbon, are genetically related
to sapropelic accumulations on the sea floor in areas
of upwelling marine currents and biotic efflores-
cences in the Permian sea.

Favorable areas for Mississippian oil exploration in Utah

The stratigraphy of the depositional interface be-
tween the Osagean and lower Meramecian basinal
phosphatic shale member at the bottom of the
Deseret Limestone and the Woodman Formation on
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the west and the time-equivalent platform carbon-
ate rocks on the east was being studied in detail by
C. A. Sandberg (USGS) and R. C. Gutschick (Uni-
versity of Notre Dame) (1977), with the help of
W. J. Sando (USGS). Preliminary analyses sug-
gest that the phosphatic shale may contain about 3
percent organic carbon and that interbedded phos-
phorites may contain about 1 percent organic car-
bon. The phosphatic shale basin, which occupies the
northern two-thirds of western Utah, is believed to
be the source of petroleum that migrated vertically,
or laterally updip to the east, into stratigraphically
higher reservoir rocks of Late Mississippian age
during the Permian or Mesozoic, when the sedi-
mentary overburden became thick enough for hy-
drocarbon maturation. The regional distribution of
conodont color-alteration-index (CAI) values shows
that, throughout most of the phosphatic shale basin,
the hydrocarbons were overcooked by Tertiary igne-
ous and hydrothermal activity. However, low CAI
values ranging from 1 to 2 show that the hydro-
carbons remain at optimum maturation in three
areas. One of these areas is in western Utah, in the
area of the Burbank Hills and the Needle and Con-
fusion Ranges, where petroleum that migrated ver-
tically may still be sought in local structural traps.
The other two areas are along the Cordilleran hinge
line, where petroleum that migrated updip into Mis-
sissippian platform carbonate rocks, as well as into
upper Paleozoic rocks, may be sought in strati-
graphic and structural traps. These areas are near
the southern Pavant Range in central Utah and near
Old Laketown Canyon, east of the Bear Range in
northern Utah.

Crt:ﬂe:ils linked to oil-shale source rocks in Uinta Basin of
a

Preliminary geochemical studies conducted by D.
E. Anders, G. E. Claypool, and P. M. Gerrild on the
lacustrine sediments of Tertiary age in the Uinta
Basin of Utah showed that the sulfur isotope values
of the hydrocarbon deposits—tar sands, crude oils,
bituminous veins, and oil shales—consistently de-
crease in § S™ with increasing age and depth of
the strata. The crude oils have the widest range of
8 S values of any previously studied oils and ap-
pear to reflect the sulfur isotope values of the strat-
igraphic interval from which they were derived.
The similarity between the various hydrocarbon
fractions in the crude oils and their stratigraphical-
ly equivalent oil shales suggests that the oils in the
Uinta Basin can be linked to their oil-shale source
rocks.

Weathering of organic matter in Phosphoria Formation of Utah

J. L. Clayton and P. J. Swetland made geochemi-
cal analyses of core samples of black phosphatic
shale collected with the help of E. K. Maughan
from an outerop of the Phosphoria Formation (Per-
mian) on the southern side of the Uinta Mountains in
northeastern Utah. These analyses showed that
shale from the surface to a depth of 1 m contains as
much as 60 percent less organic carbon and 50 per-
cent less soluble hydrocarbons than shale at depths
of 1 to 5 m. Because the loss of aromatic hydro-
carbons in the upper 1 m is relatively greater than
the loss of saturated hydrocarbons, the ratio of
saturated hydrocarbons to aromatic hydrocarbons
is greater in the upper 1 m than in the 1- to 5-m in-
terval. The upper 1 m also showed an average en-
richment in C** of 1.74 ppt relative to the 1- to 5-m
interval, whereas the § C** in the saturated hydro-
carbons was the same in both intervals. These anal-
yses demonstrate that near-surface weathering can
drastically change the organic content and the com-
position of outcrop samples.

Origin of oil in Denver basin of Colorado

Geochemical analyses done by P. J. Swetland and
J. L. Clayton (1976) showed that oils produced
from Cretaceous reservoirs in a large part of Colo-
rado’s Denver basin are similar, the suggestion be-
ing that they were derived from a common source.
Analyses of numerous widely distributed subsurface
shale samples and surface shale samples, collected
under the guidance of L. W. Kitely, indicated that
the most likely source beds are geographically re-
stricted to the western side of the basin. This areal
restriction suggests that extensive vertical and lat-
eral migration of oil has occurred.

Stratigraphy of possible lower Upper Cretaceous reservoir
rocks in Wyoming

A study of outcrops, cores, and well logs by E. A.
Merewether, W. A. Cobban, and C. W. Spencer
(1976) indicated that the Frontier Formation
(lower Upper Cretaceous) in southern Johnson
County, Wyoming, was deposited in marine environ-
ments during the Cenomanian and Turonian Stages.
The Frontier contains abundant marine inverte-
brate megafossils. The environments range from
offshore to tidal beach. Most of the sandstone in
the formation probably accumulated on a large
wave-dominated delta. The rate of deposition for
the Frontier and the lower part of the overlying
Cody Shale is probably about 52 m/m.y. Deposition
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was interrupted during the middle Turonian by ero-
sion, which is represented by a disconformity about
27 m below the top of the Frontier.

The Frontier Formation, which is about 255 m
thick, comprises an unnamed basal member com-
posed of interstratified sandstone, siltstone, shale,
and bentonite, and the overlying Wall Creek Sand-
stone Member, which is as much as 21 m thick.
Most of the sandstone is quartzose, very fine or fine
grained, and moderately or well sorted. The shale is
mainly silty and contains mica-illite, mixed-layer
clays, chlorite, and kaolinite or montmorillonite.

Stratigraphic traps and source rocks in Powder River basin of

Wyoming

General depositional trends of units in so-called
“Leo sandstone” in the Lower Pennsylvanian part
of the Minnelusa Formation were identified by R. T.
Ryder in the eastern Powder River basin. These
lenticular sandstone bodies, which are as much as
19 m thick, are locally very porous and closely as-
sociated with beds of organic-rich black shale. Con-
sequently, the sandstone bodies may provide reser-
voirs for stratigraphically trapped oil, as indicated
by oil accumulations in the first “Leo sandstone” at
the Red Bird and Pine Lodge fields. Many of the
reservoir-quality “Leo sandstone” bodies are char-
acterized by relatively low acoustic-impedance
values, which contrast with the higher impedance
values of adjacent impervious sandstone and car-
bonate units as determined by R. C. Anderson.
Synthetic seismic sections generated with these con-
trasting acoustic-impedance values suggest that
the trap-reservoir interface can be detected with re-
flected seismic energy.

The organic-rich black-shale units interbedded
with the “Leo sandstone” units are progressively
truncated toward the north beneath a regional un-
conformity in the middle part of the Minnelusa
Formation. Preliminary studies indicate that the
distribution of these potential source beds beneath
the unconformity may in part explain the location
of the known Minnelusa oilfields in the Powder
River basin.

Possible carbonate source rocks in South Florida basin of

Florida

Preliminary studies made by J. G. Palacas, J. P.
Baysinger, and J. M. Patterson showed that lower
Tertiary to Lower Cretaceous rocks in the South
Florida basin range in depth from about 1,370 to
4,020 m and consist predominantly of limestone,
dolomite, and anhydrite. Preliminary analyses of
about 140 core samples indicate that the organic-
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carbon content ranges widely from 0.05 to 3.2 per-
cent. Most of the rocks contain less than 0.4 per-
cent organic carbon. However, a significant number
of carbonate beds with a minimum aggregate thick-
ness of 52 m generally contain 0.5 to 3.2 percent or-
ganic carbon and generally lie below a depth of
2,500 m. The relatively high concentrations of ap-
parently indigenous hydrocarbons and the depth of
burial suggest that these carbonate beds could be
potential source beds of petroleum. Siliceous clastic
rocks are virtually absent from the South Florida
basin except for a few thin shale interbeds that in
aggregate total less than 1 percent of the total rock
column. Hence, it is unlikely that these shales could
be the sources for the organic carbon found in the
carbonate rocks.

Guyana mud accumulation—analog for ancient clastic wedges?

A literature survey and preliminary study made
by R. N. Ginsburg (University of Miami) indicated
that mud moves northward in giant wave-like banks
along 1,500 km of open coast off Guyana in north-
eastern South America. Thus, it is evident that quite
deep-water environments are not necessary for mud
deposition. A combination of the Guyana Current
and circulation on the inner shelf produces a hydro-
graphic trap for fine sediment. The enormous sup-
ply of mud from the Amazon River is the source
for this Holocene and Pleistocene accumulation.
From descriptions of the sedimentary structures
and the fauna and flora of the mud deposits, it is
possible to infer a shoaling-upward sequence pro-
duced by seaward progradation. The Guyana coastal
system may thus demonstrate that some ancient
clastic wedges are attenuated deltas of giant rivers.

Possible new deep source of energy

A solubility study done by L. C. Price and L. L.
Rumen on crude oil in water as a function of tem-
perature, pressure, and the presence of organic and
inorganic gases showed that oil and methane have
very high solubilities at temperatures above 275°C.
Organic geochemistry studies of deep wells (as
much as 9,450 m deep) showed that the generation
of hydrocarbons can occur at such depths and that
hydrocarbons are thermally stable at much greater
depths and higher temperatures than investigators
had believed previously. The thermal stability of
hydrocarbons was also documented in laboratory
cracking experiments. The solubility of oil and
methane and the stability of hydrocarbons at high
temperatures help substantiate the possible exist-
ence of a deep multiple geothermal-oil-gas energy
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resource. Theoretically, a reservoir of this type,
when it was tapped, would produce large quantities
of oil and gas dissolved in superheated water.

Rapid evaluation of petroleum source rock

An analytical technique for the rapid, evalua-
tion of petroleum source-rock potential (Claypool
and Reed, 1976) was further developed and adapted
for proficient laboratory use by G. E. Claypool and
J. P. Baysinger. This technique requires only milli-
gram-weight samples, no sample preparation other
than rough crushing, and less than 30 minutes of
time. The technique, in combination with the con-
ventional organic-carbon determination, reliably
estimates organic richness, hydrocarbon generating
capacity, type of organic matter, and thermal
maturity. The sample is heated in a stream of inert
gas at a programmed rate of temperature increase
(40°C/min) from room temperature to 700°C. The
organic compounds volatilized or pyrolyzed from
the sample are quantitatively measured as a func-
tion of temperature by means of an organic carbon-
specific gas chromatographic detector. Organic rich-
ness and hydrocarbon-generating capacity are indi-
cated by the total quantity of volatile and pyrolytic
organic compounds produced from the organic mat-
ter in the rock. In samples that have a hydrocarbon-
generating capacity, the type or quality of the bulk
organic matter is indicated by the quantity of or-
ganic compounds produced in relation to the total
organic matter in the rock as measured by the or-
ganic-carbon content. The thermal maturity of the
organic matter in shales and coals is indicated by
the temperature at which maximum pyrolytic de-
composition of the solid organic matter occurs.

Helium surveys for use in petroleum prospecting

Surveys of helium concentrations in the soil gases
over three known oilfields were conducted by A. A.
Roberts, M. C. Dalziel, and R. L. Brunner to de-
termine the feasibility of using helium surveys as
a geochemical prospecting technique. Each field was
surveyed by a grid of 80 to 120 sample sites. Pre-
liminary results support the hypothesis that near-
surface helium anomalies are indicators of buried
petroleum reservoirs and suggest that a helium
survey may be a quick, inexpensive, and environ-
mentally nondestructive exploration tool.

The soil-gas survey made over the Garza field in
Texas indicated anomalously high helium concen-
trations (up to twice the background level) over
the production area. This field, located on a dome,
has produced oil from the Permian at an average

depth of 900 m for 40 years and is currently being
water flooded.

Another oil and gas field where an associated
helium anomaly was observed is the Cement field in
the southeastern part of the Anadarko Basin in
Oklahoma.. The production comes from several
zones, including Permian sandstones and Pennsyl-
vanian carbonate and clastic rocks, at depths of 600
to 2,200 m. This helium survey supports the exist-
ence of microseepage from the Cement field, as
hypothesized by Donovan (1974) on the basis of
mineralogic and chemical changes in the outerop-
ping Permian redbeds.

The helium survey of the Red Wing Creek field
in North Dakota showed-an anomaly in the form
of a halo of high helium concentrations extending
four-fifths of the way around the field. Such halos
are not uncommon in geochemical detection, and,
according to Davidson (1963), the better oilfields
generally produce halo-type anomalies. This field,
which is located on a structure that is suspected to
be an astrobleme caused by meteoric impact, pro-
duces from the Mississippian at depths of 1,500 to
2,500 m.

Reservoir and source-bed potential of chalks

The patterns of chalk diagenesis related to maxi-
mum depths of burial, pore-water chemistry, and
primary composition, which were originally estab-
lished in the North Sea area, were confirmed by P.
A. Scholle in the Gulf Coast and Western Interior
areas of the United States. In general, a major
shift in oxygen-isotope and strontium trace-element
values accompanies a burial-related loss of porosity
in chalks. However, with a proper understanding
of the degree and trend of diagenetic alteration, a
combination of carbon and oxygen isotopes can be
used to interpret primary depositional environment-
al conditions. Thus, the study of isotopes can be
used to determine the reservoir potential of chalks
under various subsurface conditions as well as to
provide useful data on variations in the petroleum-
source-bed potential of chalks and associated units.

Formation of fine-grained limestones through compaction

Experiments on squeezing cores of Holocene car-
bonate sediment 10 ecm in diameter were conducted
by E. A. Shinn, R. B. Halley, J. H. Hudson, and B.
H. Lidz (1977). Contrary to widely held geologic
opinion, such sediments were found to be suscep-
tible to considerable compaction. Under a load of
141 kg/cm?, a 50.8-cm length of core was compacted
to 11.4 cm—a reduction of about 75 percent. The
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resultant “rock” contained horsetail-like wisps—
termed pseudostylolites or incipient stylolites—iden-
tical to those found in ancient limestones. These
structures resulted from compaction and rearrange-
ment of organic matter. Burrows were also distorted
to produce stuctures such as those found in an-
cient limestones. Fossils visible to the naked eye
were not obviously crushed, although breakage was
detectable in thin section. Similar compaction of
carbonate sediments by overburden may have been
a major factor in the origin of most fine-grained
limestones. If compaction did not occur, a dilemma
arises: How could a 50- to 70-percent porosity,
which is common in recent lime sediments, be filled
by carbonate cement to produce a limestone with
only a 3- to 5-percent porosity? Although recent
sediments show a 50- to 70-percent porosity, their
permeability is so low that it would be difficult for
enough mineral-rich water to be circulated through
them to fill the pores with carbonate cement. Com-
paction, which reduces porosity to 5 to 15 percent,
resolves this dilemma. Conversion of aragonite to
calcite, which creates an 8-percent volume increase,
is sufficient to further reduce porosity to the 3- to
5-percent range of ancient fine-grained limestones.

Mechanisms of oil and gas seepage

The formation of unusual carbon isotopic com-
positions, produced by oxidation of hydrocarbons,
in replacement carbonate minerals and authigenic
cements is well documented for subsea, outeropping,
and relatively shallow buried rocks. However, only
limited data have been published deseribing unusual
occurrences over producing oilfields or stressing the
complex interrelationship between anomalous car-
bon and oxygen isotopic variations in carbonate
materials resulting from long-continued seepage.
Recent studies made by T. J. Donovan and M. C.
Dalziel of such seepages in carbonate-cemented
rocks over oilfields in the Mid-Continent and Rocky
Mountain areas of California, and in western Texas
indicated that at least three seepage mechanisms
are operative:

o Effusion of small to large amounts of gaseous and
liquid hydrocarbons from relatively shallow
reservoirs through natural avenues of vertical
fluid communication such as faults, fractures,
and poorly compacted or otherwise inadequate
cap rocks.

® Migration of low-molecular-weight hydrocarbons
in aqueous solution through capping shales be-
having as semipermeable membranes, the driv-

dynamic pressure or by differences in chemi-
cal potential on opposite sides of the mem-
brane.
e Diffusion of gas through cap rocks.
Since any combinations of these three seepage
mechanisms may have occurred, their discrimina-
tion is based on interpretations of distinctive iso-
topic and chemical parameters.

Oilspill risk analysis for frontier OCS lease areas

At the request of the Bureau of Land Manage-
ment, R. A. Smith, J. R. Slack, and T. S. Wyant
conducted a series of oilspill risk analyses for the
Department of the Interior’s proposed lease areas
on the Outer Continental Shelf. The studies were
made to determine the relative hazards associated
with oil and gas development of frontier areas in
different regions in order to facilitate final selec-
tion of tracts to be offered for sale. To date, five
areas have been studied, including the northern
and western regions of the Gulf of Alaska and the
North, Mid-, and South Atlantic areas (Smith,
Slack, and Davis, 1976a, b; Slack and Smith, 1976).

The analyses consist of two parts, the first in-
volving probabilities of spill occurrence and the
second dealing with likely trajectories of spills rela-
tive to the locations of vulnerable wildlife popula-
tions inhabiting the coastal regions. On the basis
of estimated quantities of recoverable oil and the
anticipated method of transporting oil from produc-
tion platforms, it is estimated that a total of from
two to nine major spills would be expected to occur
during the production life of each lease area if all
proposed tracts were leased and developed. A major
spill is defined as the release of more than 1,000-
bbl of oil. The Alaskan areas are expected to experi-
ence the greatest spill frequency owing to higher
estimated production levels. Spill-frequency esti-
mates are similarly made for individual fields with-
in each lease area and for spills greater than 58
bbl in size.

On the basis of wind and current data provided
by the National Oceanographic and Atmospheric
Administration, an oilspill trajectory model was
constructed to analyze movements of hypothetical
oil slicks on a digital map of each area. Short-term
patterns in wind variability (3-hour transitions)
were described as a first-order Markov process
evaluated from weather-station records for the area.
Wind transition probability matrices as well as sur-
face-current velocity fields were established sepa-
rately for all four seasons. The locations of biologi-

ing force being provided either by hydre- | cal resources (for example, migratory waterfowl
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habitat and shellfish beds) and important recrea-
tion areas were digitized in the coordinate system
used in spill-trajectory simulations. Probability dis-
tributions were then developed giving the likeli-
hood that spills occurring at various locations in
the proposed lease areas would impact the resources
in question. The locations of wildlife habitats were
made seasonally specific so that results of the im-
pact analysis would reflect seasonal correlations be-
tween wind and current patterns and the migratory
behavior of the species at risk.

By combining oilspill frequency estimates with
the trajectory analysis, it is possible to assess the
relative oilspill hazards to wildlife populations posed
by sale of tracts at different locations in the lease
area.

OIL-SHALE RESOURCES

Oil-shale and saline-mineral data base

The oil-shale Fischer assay and saline-mineral
data storage and retrieval system, supervised by
J. K. Pitman, provided baseline data for evaluating
oil-shale recovery methods, areas under litigation,
and environmental impact on selected sites. It was
also used extensively to provide data used in detailed
geologic investigations of oil-shale resources.

Oil-shale distribution in east-central Uinta Basin of Utah

Mapping by C. W. Keighin in the Rainbow, Burnt
Timber Canyon, and Cooper Canyon.quadrangles in
the east-central portion of the Uinta Basin of Utah
showed areas containing significant amounts of
near-surface oil shales. The near-surface oil shale,
probably amenable to removal by surface-mining
techniques, is concentrated in the Burnt Timber
Canyon and Cooper Canyon quadrangles.

Global oil-shale resources

J. R. Donnell compiled resource data for known
oil-shale deposits of the world. Shales that are
thicker than 3.1 m and that yielded more than 41.7
L t of oil contain more than 476.9x10° L of oil. The
oil shales in the Green River Formation of the
United States contain approximately two-thirds of
the total resource. Large areas of the world are re-
ported to contain oil shale, but most occurrences have
not been appraised. There are also presumed to be
large undiscovered resources in the world.

Marlstone tongues of Green River Formation

Mapping in the Mount Blaine quadrangle in Gar-
field County, Colorado, by W. J. Hail showed that
four mapped marlstone tongues of the Green River

Formation (Eocene) merge southward with the
main body of the Parachute Creek Member. The
tongues are, in ascending order, the Coughs Creek
and Stewart Gulch Tongues and the marlstones at
Barnes Ridge and Bull Fork. In general, these units
contain appreciable amounts of oil shale only near
their merger points with the Parachute Creek Mem-
ber.

Total sulfur in Colorado oil shale

X-ray fluorescence analyses were performed by
J. R. Dyni on portions of two oil-shale drill cores
from the Piceance Creek basin in Colorado. In a
section approximately 560 m thick, the amount of
total sulfur commonly ranges from about 0.5 to 2.5
percent by weight of the whole rock; values locally
are as much as 4.9 percent by weight. Most of the
sulfur is in the reduced state and is contained in
pyrite; small amounts are associated with kerogen.
Zones of pyrite enrichment are commonly found
just above beds of nahcolite, and nodules of nahcolite
are generally rimmed by pyrite. The absence of sul-
fate evaporite minerals (gypsum and thenardite)
and the association of pyrite with nahcolite suggest
that sulfur was introduced in the ancient Green
River waters as dissolved sulfate ion. The sulfate
was subsequently reduced, and some organic matter
was oxidized ; perhaps reduction was largely effected
by sulfate-reducing bacteria. In this redox process,
the reduced sulfur formed mostly pyrite, and oxi-
dized organic matter generated large quantities of
dissolved bicarbonate ion. The bicarbonate precipi-
tated with available sodium as nahcolite during
evaporative stages of the lake; some nahcolite also
precipitated as nodules within the homogeneous sedi-
ments during basinal dewatering processes. The

great abundance of organic matter found in the

Piceance Creek basin may account for the effective
reduction of all sulfur that was brought into the
basin.

NUCLEAR-FUELS RESOURCES

Sand-grain shape and size variations in a braided stream

Quantitative grain-shape and size measurements
were made by D. A. Seeland on 32 sand samples from
longitudinal and transverse bars in the South Platte
and Platte Rivers between Denver, Colo., and
Omaha, Nebr., with an electronic image-analysis sys-
tem. The results of size and shape measurements of
8,000 sand grains showed that, although there is a
decrease in maximum gravel size downstream, the
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sand does not become appreciably finer downstream.
Trends of sand-grain shape were somewhat unex-
pected: Very fine sand does not change in elongation
or roundness downstream, medium sand becomes less
elongate and rounder downstream, and very coarse
sand does not change in elongation but does become
more angular downstream.

It was found that fine-grained sand is the most
elongate and the roundest of the three sand-sized
fractions studied. In contrast, other qualitative
shape studies have found fine-grained sand to be
most angular. This study suggests that, in ancient
sandstones deposited by braided streams, the best
paleogeographic inferences would be produced by a
study of the medium-sand fraction because these
grains become less elongate and rounder down-
stream.

Some differences between three alkalic complexes in the Wet

Mountains of Colorado

At least three separate alkalic complexes of Cam-
brian age occur in the northern Wet Mountains of
Colorado—the Gem Park and McClure Mountain
Complexes and the complex at Democrat Creek. Pre-
vious USGS work (Parker and Sharp, 1970; Shawe
and Parker, 1967) pointed out the similarities be-
tween the rocks at Gem Park and and those at Me-
Clure Mountain, especially the layered mafic and
ultramafic rocks. T. J. Armbrustmacher’s prelimi-
nary examination of rocks from the complex at Dem-
ocrat Creek suggested that there are more differ-
ences than similarities between these rocks and those
of the other complexes, contrary to earlier published
accounts (Heinrich and Dahlem, 1966). The ultra-
mafic and mafic rocks at the southern end of the
Democrat Creek intrusion, mapped as Precambrian
gabbroic gneisses and metamorphosed ultramafic
rocks by Brock and Singewald (1968), contain both
orthopyroxene and clinopyroxene, which are sugges-
tive of a tholeiitic parentage, unlike the clinopyrox-
ene of alkalic affinities at Gem Park and McClure
Mountains. Syenites at Democrat Creek contain
fairly abundant modal quartz, whereas the nepheline
syenites at McClure Mountain lack modal quartz.
In addition, preliminary trace-element data show
fundamental differences, such as an average barium
content of 2,780 ppm and an average strontium con-
tent of 1,670 ppm in McClure Mountain syenites, as
compared with an average barium content of 320
ppm and an average strontium content of 80 ppm in
syenites at Democrat Creek. Additional data are
being evaluated, and a model explaining the relation-
ship of the complex at Democrat Creek to the Gem

Park and McClure Mountain Complexes is being pre-
pared.

Ages of Wyoming uranium ores

Preliminary results of U-Pb isotope investigations
of ores from the major Wyoming uranium districts
gave similar apparent ages for the Shirley Basin,
Gas Hills, and Crooks Gap districts. All of the ana-
lyzed ore samples from mines in these districts sug-
gest that major ore-forming processes took place
before 20 million years ago, most activity occurring
before about 28 million years ago. These times are
consistent with the uranium sources’ being either
Oligocene tuffs or Precambrian granites but rule out
Love’s (1970) suggestion of Pliocene volcanic rocks.

Uraninite zone related to metamorphosed massive sulfide

deposit

R. I. Grauch’s studies of the Camp Smith-Phillips
mine area in Westchester and Putnam Counties,
New York, led to the development of a conceptual
model for the concentration of uranium in metamor-
phosed aquagene sedimentary and volcanic rocks.
Concentrations and disseminations of uraninite oc-
cur in the outer layer of a zoned massive sulfide, in
pyroxene-amphibole-quartz-feldspar-apatite pegma-
tites, and in apatite-bearing zones of magnetite lay-
ers within amphibolitic gneisses. The massive sulfide
of the Phillips mine is apparently a stratabound body
located near the interface of basic and acidic meta-
voleanic rocks. The uranium-bearing pegmatites and
magnetite layers also are located near the interface.
It is proposed that, during deposition of the volcanic
rocks and minor amounts of nonvolcanic rocks, some
mechanism—perhaps the precipitation of apatite—
caused the formation of widespread but low-grade
concentrations of uranium. This mechanism was
presumably operative during the waning stages of
massive sulfide formation and the beginning stage
of magnetite deposition. During subsequent meta-
morphism, granulite-grade uraninite was formed.
This hypothesis appears to explain other uranium
occurrences in the Hudson and Jersey Highland and
should have application elsewhere.

Triassic and Jurassic lacustrine basin localizes uranium

Studies of Triassic and Jurassic rocks in the New-
ark Basin of Pennsylvania and New Jersey by C. E.
Turner-Peterson showed that there are uranium de-
posits in lacustrine black mudstones (Lockatong
Formation) and in nearshore sandstones (Stockton
Formation) near the black mudstones. The Locka-
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tong was deposited in a reducing alkaline lake, as is
indicated by the black color and the presence of
pyrite and abundant analeime. The Stockton is also
interpreted as having been deposited under reducing
conditions (Glaeser, 1966). Destruction of plant
debris in sands at the lake margin is attributed to
solubilization by alkaline lake waters.

Uranium mineralization in the basin occurred in
two stages. First, uranium accumulated in the euxinic
central portion of the lake to form widespread low-
grade (0.01-0.02 percent) deposits in black mud-
stones. Alkaline lake and pore waters mobilized or-
ganic matter and leached uranium from nearshore
sands. Later, organic- and (or) sulfide-bearing pore
fluids from black mudstones were injected during
compaction into adjacent sandstones of the Stockton
Formation and caused uranium and pyrite to precip-
itate around and near clay clasts. Uranium is be-
lieved to have been localized initially on red clay
clasts by adsorption of urany!l ions onto hematite,
and the availability of iron may account for the
localization of pyrite in and near the clasts as well.

A lacustrine interpretation for the Lockatong and
most of the Stockton permits construction of a model
in which the reductant (from the black mudstones
of the Lockatong) and the host sandstone (marginal
lacustrine sandstones of the Stockton) are in a close
spatial relationship, and movement of great volumes
of water for long distances is not required to account
for mineralization.

Autunite deposit exposed on Interstate 89

Two parallel roadcuts for Interstate Highway 89
near Lake Sunapee, N.H., exposed oxidized uranium
deposits more than 4 m thick that are comparable to
those of the Daybreak mine near Spokane, Wash.
The Sunapee mineralization occurs mainly in frac-
tures, local fault gouge, and biotitic schlieren in
two-mica granite of Devonian age. The granite is
somewhat more fractured than correlative rock to
the north and south on regional strike but not con-
spicuously so. In the nearly 10 years since the miner-
alization was exposed by roadcuts and the water
table was lowered, more than 90 percent of the yel-
low uranium minerals (including autunite, torber-
nite, and reynardite) have been leached away by
vadose ground water. The top of the original water
table is believed to have fluctuated within the miner-
alized zone. It is possible that the uranium minerals
have reprecipitated at the lowered (reestablished)
water table.

Semipermeable membranes and ore genesis

The vanadium clay minerals of the Colorado Pla-
teau vanadium-uranium deposits appear to be cap-
able of acting as semipermeable membranes. Ac-
cording to C. S. Spirakis, the initial layer of vana-
dium clay minerals precipitated at a solution inter-
face. Then selective diffusion of anions through the
membrane led to a charge imbalance across the mem-
brane. This charge imbalance accelerated the diffu-
sion of H+ through the membrane, a process that re-
sulted in pH changes on both sides of the growing
ore deposit. On one side of the deposit, a basic en-
vironment was created, whereas the other side be-
came more acidic. Mineral zones formed in response
to the changes in pH-on the basic side of the mem-
brane. Bleaching of red mudstones on the acidic side
of the deposit was caused by the low pH generated
by the membrane. The membrane also provides a
means of maintaining the solution interface long
enough for the deposit to form.

Uranium, thorium, and rare earths common in Alaskan vein

system

A group of en-echelon veins rich in uranium, thor-
ium, and rare-earth elements occurs in a west-
northwest-trending fracture system on the eastern
flank of Bokan Mountain in Alaska. This vein system
lies less than 1 km north of the Cub deposit, the
only property in Alaska that has produced uranium.
These veins, called the I and L system after claims
on their northwestern ends, can be traced for 2.6
km. Geologic studies by M. H. Staatz showed that
the veins range in thickness from 0.25 to 152 cm,
and, in any one area, there are from one to nine
parallel to subparallel veins. These veins, like others
in the area, are related to the acmite- and reibeckite-
bearing Bokan Mountain Granite. The uranium con-
tent of 43 vein samples ranged from 0.005 to 2.8 per-
cent. Thorium and rare-earth contents are also
highly variable and range from a few hundredths of
a percent to more than 10 percent. The veins also
contain abnormal amounts of Ba, Be, Ni, Sr, Sn, and
Zr. The mineralogy of the veins is complex; 33 dif-
ferent minerals have been identified, although some
occur only locally. Uranium, thorium, and rare-
earth minerals include uraninite, brannerite, thorite,
allanite, bastnaesite, and xenotime.

Thinning of Fox Hills Formation—a possible guide to uranium
mineralization
Geologic studies conducted by H. W. Dodge, Jr.,
suggested that a relationship exists between areas of
thin marine sedimentary rocks of the Fox Hills For-
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mation (Upper Cretaceous) and the uranium miner-
alization found in the basal portion of the overlying
Lance Formation. The Fox Hills Formation is thick-
est (up to 195 m) in central Niobrara County, Wy-
oming, where no significant mineralization has been
reported. In Crook County, Wyoming, where min-
eralization is known, the Fox Hills 4s thin (down to
3 m). It is thought that wedge-shaped Fox Hills
aquifer funnels uranium-rich water northward and
then upward and laterally into organic-rich (reduc-
ing) estuarine, tidal flat, interdistributary bay and
fluvial channel deposits of the overlying Lance
Formation.

Computer modeling of processes forming uranium roll-type ore

Reaction between oxygenated ore solutions and
pyritiferous sandstone results in characteristic alter-
ation zones associated with many uranium deposits
in Wyoming. The roll shape of alteration and minor-
element zones and the position of ore are explained
by the manner in which oxygen is delivered, accord-
ing to C. G. Warren. Dissolved oxygen is delivered
by two different processes: (1) Ground-water move-
ment through the deposit and (2) diffusion toward
regions of low concentration. Although fluid trans-
port is generally the more important process, diffu-
sion must be considered because it delivers oxygen
to the limbs of the roll and averages out the effects
of channelization. A computer-based model for roll
deposits permits the rate of flow and diffusion to be
evaluated and also evaluates the physical and miner-
alogical parameters in the formation of deposits
with differing geometry.

Chemistry of organic materials associated with uranium ores

Stepwise pyrolysis and gas chromatography were
used by J. S. Leventhal to characterize organic ma-
terials from the major sandstone uranium deposits.
There appear to be four types of material :

® Type 1 is deficient in hydrogen and contains no
molecules with more than eight carbon atoms; it
has been highly degraded.

® Type 2 contains mainly napthalene, a compound
stable to katagenesis, oxidation, and radiation.

® Type 3 is associated with lignites and contains
mainly alkanes-alkenes in the range C,. to C.s.

® Type 4, from mineralized woody material, shows
substituted methoxy phenols characteristic of
lignite degradation.

The H/C (atomic) ratios of organic materials
studied range from approximately 0.3 to 1.5. Samples

with high uranium contents often have low H/C
ratios.

Uranium in ceonifer needles

Geochemical and radiometric exploration for
uranium in the Northwestern United States is se-
verely hampered by deep weathering and by great
variations in soil types. Biogeochemical sampling of
needles from Ponderosa pine and Douglas fir trees
by J. T. Nash and F. N. Ward in the vicinity of the
Midnite uranium mine in Washington demonstrated
that this method provides a simple and inexpensive
measure of subsurface uranium content. The uran-
ium content of pine-needle ash from trees near the
mine ranges from 3 to 200 ppm, in comparison with
a background value of about 1 ppm. Values greater
than 10 ppm define anomalies above and as much as
300 m from known orebodies.

Thorium veins between Powderhorn and Wet Mountains districts
of Colorado

Thorium-bearing veins are sparsely distributed in
a few of the inliers of exposed Precambrian rock
within a narrow belt between the Powderhorn and
Wet Mountains districts of Colorado. On Cochetopa
and Razor Creeks, thorium veins occur in sec. 27,
T. 47 N., R. 3 E.; sees. 20 and 28, T. 47 N, R. 2 E.;
and sec. 3, T. 47 N., R. 2 E. They are as much as 3 m
thick and 135 m or more in length in faults or shear
zones cutting quartz monzonite of Precambrian X
age. A vein near Jacks Creek, in sec. 29, T. 46 N.,
R. 6 E., contains uranium as well as thorium. Other
thorium-bearing deposits are known about 3 km
northwest of Sargents and at a locality 2.5 km south
of White Pine.

Samples from some veins are relatively low grade,
ranging from 50 to 600 ppm Th, but others in the
deposit south of White Pine contain as much as
9,000 ppm Th. The scattered concentrations of thor-
ium are of geologic interest because they occur be-
tween the 520-million-year alkalic rocks and related
thorium deposits of the Wet Mountains and the
570-mililon-year alkalic rocks and related thorium
deposits at Powderhorn, 135 km to the west.

Fluvial dispersal patterns of uranium-bearing sandstones in

Wyoming

D. A. Seeland found that fluvial dispersal patterns
obtained by quantitative measurements of sand-
grain shapes and sizes are similar to the patterns ob-
tained by analyzing crossbedding dip directions.
This similarity demonstrates the usefulness of tex-
tural analysis as a tool for paleogeographic studies.
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Quantitative measures of grain shape were found to
be particularly accurate indicators of provenance
and transport direction. Textural parameters that
were measured included maximum grain length,
grain elongation, and grain regularity, which is the
ratio between area and perimeter squared. These
measurements were made on loose sand grains by
using an image-analysis system consisting of a
microscope, a television scanner, an electronic image
analyzer, a small computer, and a plotter.

The sandstones studied are part of the uranium-
bearing Eocene fluvial strata of the Wind River and
Powder River basins of central and eastern Wyom-
ing. In the Powder River basin, down-basin de-
creases in sand-grain regularity and elongation are
distant and define a paleogeographic framework that
almost exactly reproduces the paleogeography ob-
tained from the study of the crossbedding. In con-
trast, downstream along the Eocene Wind River, in
the more linear Wind River basin, trends of grain
elongation, regularity, and size are not as well de-
fined, apparently because of sediment contributions
from multiple local sources.

Shape factors indicate source areas nearly as well
as crossbedding in the Wind River basin and as well
as, or better than, crossbedding in the Powder River
basin. They provide an alternative to crossbed meas-
urements as indicators of dispersal patterns in flu-
vial sediments in the subsurface or in areas of poor
outcrop.

Uranium residence in granitic rocks

Granitic rocks near the Midnite mine in Stevens
County, Washington, and in the St. Francois Moun-
tains of southeastern Missouri are known to con-
tain anomalous amounts of uranium (10-30 ppm),
and thus they are likely source rocks for uranium de-
posits. J. T. Nash’s petrographic study of these rocks
and of induced fission-track maps of thin sections
indicated that more than 80 percent of the uranium
is associated with magnetite and that lesser amounts
are associated with biotite. The uranium occurs
throughout or as rims around magnetite crystals,
but its mineralogy has not been established. The fact
that most of the uranium is associated with magne-
tite rather than with refractory minerals such as
zircon means that the uranium could be leached
easily by hydrothermal or supergene solutions and
then could be redeposited in a uranium deposit.

Uranium potential of the Snowy Range Wilderness study area
of Wyoming ‘

Geologic studies conducted by R. S. Houston
(USGS) and Karl Karlstrom (University of Wyom-

ing) and geochemical studies conducted by W. R.
Miller (USGS) indicated that the Snowy Range area
of the central Medicine Bow Mountains of Wyoming
has good potential for uranium-bearing conglom-
erate. Radioactive conglomerate is present in felds-
pathic metaquartzite of the Deep Lake Formation
as used by Hills @nd others (1968) of Precambrian
X age in several localities of the north-central Medi-
cine Bow Mountains. These conglomerates are
strongly weathered and show evidence of leaching of
pyrite; their uranium content is 31 ppm or less.
Rocks, water, and stream sediments show no excep-
tional uranium values, but a pilot geochemical study
undertaken by Miller in a key area showed high
uranium values in organic material in streams and
bogs and exceptionally high radon values in waters
from parts of the area near radioactive conglom-
erate. These high uranium and radon contents sug-
gest that some zone of the conglomerate may be rich
in uranium.

Alteration of iron-titanium oxide minerals in uranium-bearing

sandstone

Relationships among the iron-titanium oxide and
iron sulfide minerals and their alteration produects
are valuable in interpreting the geochemical his-
tories of roll-type uranium deposits, according to
R. L. Reynolds and M. B. Goldhaber. In some de-
posits, the distribution of these minerals is syste-
matically related to the roll front and thus might be
used as an exploration guide. Alteration of iron-
titanium oxides in oxidizing environments creates
secondary products (hematite) distinct from those
produced under reducing conditions (sulfides) Mag-
netite commonly is totally replaced by sulfide in re-
duced rock, whereas ilmenite is more resistant to
such alteration and is replaced by sulfide only on
grain margins. Subsequent oxidation of sulfidized
iron-titanium oxides by the processes that formed
the uranium roll produces ferric oxide minerals
(“limonite””) having textures that mimic those of
the sulfides.

Radioactive Precambrian conglomerate in the Black Hills

The Estes Conglomerate (middle Precambrian),
which crops out in Lawrence County, South Dakota,
on the northeastern flank of the Black Hills, contains
beds of well-sorted quartz and quartzite-pebble
metaconglomerate, estimated to have 5 to 25 percent
pyrite in its micaceous matrix. Well-sorted pyritifer-
ous beds and zones in the Estes Conglomerate form
distinct radioactive anomalies and are mappable on
that basis where they are not covered by deep soil.
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Oxidation of pyrite has contributed to the develop-
ment of zones of deep weathering over radioactive
conglomerate, and outerops are heavily stained and
permeated with limonite and hematite. Pyrite is
rarely preserved except in deep excavations, such as
highway cuts and an abandoned mine that produced
gold from radioactive conglomerate. The former
presence of pyrite in oxidized outcrops, however, is
inferred from abundant pores and vugs, many of
which have cubic forms. Analyzed samples of oxi-
dized and leached conglomerate contain up to 40 ppm
U and 800 ppm Th.

The middle Precambrian age (probably early
middle Precambrian), the pyrite, the radioactivity,
and the possible presence of gold, combined with the
sedimentological characteristics of the conglomerate,
suggests a genetic kinship with deposits at Elliot
Lake in Ontario, Canada, and Witwatersrand in
South Africa. Estes Conglomerate located below
the zone of oxidation and leaching is an attractive
prospect for uranium exploration.

Trace elements in Colorado Plateau tabular uranium deposits

Trace-element distributions in tabular uranium
deposits determined by R. A. Brooks are very similar
to those found in roll-front uranium deposits in
Texas and Wyoming. In roll-front uranium deposits,
uranium ore lies near the boundary between altered
rock and unaltered rock. The altered side is char-
acterized by a concentration of vanadium and selen-
ium, and the unaltered side is characterized by en-
richment of molybdenum and mineral carbon. In
tabular uranium deposits, megascopic distinction be-
tween altered facies and unaltered facies is less obvi-
ous, but, typically, vanadium, selenium, and chrom-
ium are enriched on one side of the ore and molyb-
denum and mineral carbon are enriched on the other
side. Commonly, but not invariably, there are two
subparallel, nearly horizontal zones of uranium en-
richment; the trace-element distributions associated
with these two zones are commonly mirror images
of each other. The vanadium-selenium-chromium
zones lie beneath the upper zone and above the lower
zone, the molybdenum-mineral carbon enrichments
forming an outer rind. The trace-element-distribu-
tion pattern is remarkably similar to that found on
the altered side of a roll-front deposit at some dis-
tance from the ore. The similarity of trace-element
distributions suggests that the genetic histories of
the two types of deposits are more similar than pre-
vious investigations had generally indicated.

Petrology and thorium content of carbonatites in Wet Moun-

tains of Colorado

Carbonatites in the Wet Mountains of Colorado
are of two distinctive types, according to T. J.
Armbrustmacher. Replacement carbonatites show
remanent textures of an originally porphyritic rock
with a fine-grained groundmass, similar to lampro-
phyre dikes of the area, but now consist primarily
of carbonate minerals. Primary carbonatites do not
show replacement textures; they occur close to or
within the alkalic complexes at Gem Park, McClure
Mountain, and Democrat Creek, whereas replace-
ment carbonatites have been found as far as 13 km
from the nearest known complex. Primary carbon-
atites contain about 10 times the average amount
of total cerium-group rare-earth elements and large
average amounts of barium, strontium, lanthanum,
and thorium relative to the replacement type. The
replacement carbonatites contain larger average
amounts of Mg, Ti, Co, Cr, and Ni, elements that
tend to be fairly abundant in the lamprophyres.

Genesis of uranium veins in Schwartzwalder mine

Detailed geologic studies of the Schwartzwalder
mine and the adjacent area of the Front Range of
Colorado by E. J. Young disclosed the presence of
Laramide mafic monzonite dikes in the mine area.
This finding, along with observations on the epither-
mal character of vein minerals and wall-rock alter-
ation and the interpretation of sulfur isotope data,
suggests a meteoric hydrothermal origin. A model
has been developed wherehy a small magmatic heat
source causes meteoric waters to circulate through
nearby sedimentary rocks, leach uranium, and then
rise along reactivated Precambrian fault zones to
deposit uranium and base metals. This hypothesis
suggests that exploration for similar vein-type uran-
ium deposits should focus on contact zones of crystal-
line and sedimentary rocks having nearby intrusive
centers.

Uranium anomaly in the Rio Ojo Caliente

A high uranium value (13 pg/L) found in the
water of the Rio Ojo Caliente at La Madera in Rio
Arriba County, New Mexico, by K. J. Wenrich-Ver-
beek and D. B. Collins was further investigated to
determine if the stream waters could be used to trace
the source of the anomaly. One tributary, Canada de
la Cueva, was found to contain 40 xg/L U whereas
other tributaries contain less than 3 ug/L U. The
source of the anomaly appears to be a hot spring dis-
charging into Canada de la Cueva that contains 60
pg/L U. Thus, surface waters can work successfully
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as an exploration tool for locating uranium anom-
alies.

Distal zone of the Cow Springs Sandstone

Careful mapping of the San Rafael Group in the
Zith-Tusayan Butte 1 SE quadrangle in Arizona and
New Mexico demonstrated that the eolian Cow
Springs Sandstone tongues out in a northerly direc-
tion into marginal marine sebhka beds of the Sum-
merville Formation at the same stratigraphic hori-
zon and is represented north of the quadrangle only
as a few thin, persistent, northerly extending
tongues incorporated within the Summerville. Dis-
tinct dunes are preserved within some tongues at a
few places.

Rocks favorable for uranium in Piceance Basin of Colorado

The Burro Canyon Formation (Lower Cretace-
ous) of western Colorado is a potential host rock
for uranium in the subsurface of the Piceance Basin.
Most, if not all, of the physical characteristics con-
sidered favorable for the occurrence of uranium-in-
sandstone deposits are present in this formation.
Studies conducted by L. C. Craig showed that two dis-
tinct lobes of thick Burro Canyon sandstone bodies
trend northeasterly into the southwestern margin of
the Piceance Basin. These lobes may serve to dis-
tinguish between more favorable ground and less
favorable ground in any exploration of the subsur-
face of this margin of the basin.

Multiple uranium-copper enrichment zones in breccia pipes

Uranium- and copper-bearing breccia pipes of the
western Grand Canyon of Arizona may have a po-
tential for multiple zones of secondary enrichment.
Studies conducted by C. G. Bowles showed that the
main zone of secondary enrichment underlies the
Esplanade surface. In addition, other zones favorable
for supergene mineralization are postulated on the
basis of geomorphic evidence of canyon widening and
geologic evidence of the damming of the Colorado
River by lava flows and faults. Several times, dams
in the canyon formed lakes that must have re-
charged previously drained aquifers and reestab-
lished an elevated ground-water table. Stabilization
of the ground-water table, either during canyon ero-
sion or, to a lesser degree, following damming of
the river, probably created favorable conditions for
supergene mineralization.

Uranium deposits related to sedimentary environments
Fred Peterson’s basin analysis studies of the Salt
Wash Sandstone Member and the lower member of

the Morrison Formation in southern Utah indicated
that uranium mineralization in the Henry Moun-
tains mineral belt was largely controlled by sedi-
mentary processes. Tabular uranium orebodies oc-
cur where there is a close spatial relationship be-
tween certain types of lacustrine beds and braided-
stream sandstone beds. The particular type of lacus-
trine deposit that contains uranium consists of lami-
nated or burrowed sandstones and thin, dark gray
mudstones containing carbonized plant fragments.
Uranium is restricted to areas where this type of
lacustrine deposit lies directly above, below, or, in
some places, lateral to braided-stream sandstone
beds. Uranium is not present where meandering
stream sandstone beds and overbank flood-plain de-
posits separate the lake beds from the braided-
stream sandstone or where the lacustrine deposits
consist of red beds and gypsum.

These relationships suggest that uranium was
transported by oxidized fluids traveling through the
braided-stream sandstone beds and was precipitated
only where reducing fluids from lacustrine deposits
were present. According to this hypothesis, the low
Eh waters were present in the formation at the time
of deposition rather than brought in at a later time
from a considerable distance. Similar relationships
between uranium mineralization and depositional
processes in other regions suggest that this hy-
pothesis has broad implications for uranium explo-
ration.

Experimental study of pyrite oxidation—implications for
uranium-ore formation

Because of the importance of the acid mine drain-
age problem, previous experimental studies of pyrite
oxidation have usually emphasized highly acidic pH
conditions. Pyrite oxidation attending the formation
of sedimentary roll-type uranium deposits, however,
does not occur in this pH range, as is evidenced, for
example, by the presence of limonite pseudomorphs
after pyrite-marcasite. Accordingly, a study of py-
rite oxidation emphasizing the pH range 5 to 9.5
was made. These experiments were conducted at a
constant pH, controlled temperature, and constant-
oxygen partial pressure. The rate of addition of base
necessary to maintain a constant pH was monitored.
Samples were withdrawn periodically and analyzed
for total sulfur in solution, thiosulfate, and sulfite.
Data show that the rate of oxidation at constant-
oxygen partial pressure markedly increases with
increasing pH, particularly above pH 7. Thiosulfate
was found to be an important product during short-
term (less than 24 hours) experiments. Sulfite was



MINERAL-RESOURCE AND MINERAL-FUEL INVESTIGATIONS 33

detected but at a lower concentration than thiosul-
fate. The results of this study are compatible with
the nonbiogenic mechanism of roll-front develop-
ment previously proposed by Granger and Warren
(1969).

Uranium in Triassic rocks in southeastern Utah

Uranium deposits in the Chinle Formation (Upper
Triassic) in southeastern Utah are related to spe-
cific sedimentary environments. R. D. Lupe re-
ported that rock textures produced by relatively low
energy depositional processes appear to have in-
fluenced uranium mineralization. The Chinle con-
sists of three fining-upward fluvial-lacustrine se-
quences, each of which is generally more finely
grained than its predecessor. The differences in sedi-
ments within each sequence were controlled climati-
cally rather than tectonically because sediment char-
acter is similar and transportation trends coincide
for each sequence. The fluvial-lacustrine system
trended west-northwest from a source east of Moab,
Utah, through the San Rafael swell. Uranium min-
erals are most abundant in the lower part of the low-
est sequence in areas where discontinuous distal
deposits are overlain by continuous, relatively per-
meable sandstone deposited in high-energy braided-
stream environments. The permeable sandstone
acted as conduits for uranium-bearing solutions.
Favorable areas for uranium lie on the northern and
southern sides of the northwest-trending corridor
of predominantly high-energy sediments.

Sulfur isotopes and sulfide petrology elucidate history of roll

deposits

Petrologic and sulfur isotope studies conducted by
M. B. Goldhaber, R. L. Reynolds, and R. O. Rye char-
acterized the stages of development of a roll-type
uranium deposit in the Catahoula Tuff (lower Mio-
cene) of southern Texas. Host-rock preparation in
this deposit involved the sulfidization of magnetite
and ilmenite by hydrogen sulfide emanating from a
fault. Marcasite and pyrite were produced near the
fault, and pyrite was produced updip of the fault.
The sulfur isotopic composition of the downdip sul-
fide is about 0 permil, whereas the pyrite further up-
dip is isotopically heavy (+15 permil). Subse-
quently, oxygenated uranium-bearing ground waters
moved downdip and created a redox boundary (roll
front). As a result of this process, original iron-
disulfide was redistributed (in the absence of hydro-
gen sulfide) and formed rims around earlier sulfide.
The rims are dominantly marcasite near ore, but
pyrite rims become more abundant downdip. The

stable isotopic composition of this secondary sulfide
is extremely light (—25 permil). Sulfate-reducing
bacteria were not involved in the origin of this de-
posit, as organic carbon is everywhere low (<0.1
percent).

Sulfur products of pyrite oxidation

In previous publications, H. C. Granger and C. G.
Warren (1969, 1974) stated that limited oxidation
of pyrite should yield, on theoretical grounds, either
SO, or S.0. " or both. This theory is in contrast to
the frequently cited occurrence of SO  (or H.S0,)
resulting from near-surface weathering of pyrite-
bearing rocks and coal. Experiments conducted by
Granger and Warren in which air-saturated buffered
water is percolated through pyrite-bearing sand and
experiments conducted by M. B. Goldhaber in which
pyrite is oxidized by bubbling oxygen through pyrite
and water at constant pH indicate that, initially,
S.0, " (plus or minus polythionates) is the dominant
aqueous sulfur species formed. These results
strongly suggest that SO, " is not an initial product
of the oxidizing systems involved in the formation of
roll-type uranium and supergene-enriched sulfide de-
posits.

Geochemical exploration for uranium in granitic terranes

Uranium typically varies with the thorium and
potassium contents of igneous rocks. Because thor-
ium and potassium are not prone to migration under
surficial conditions, anomalous concentrations of
these elements can be used as a guide to uranium.
An evaluation of thorium and potassium results ob-
tained by gamma-ray spectrometry showed that
these values should be adequate for exploration pur-
poses (Stuckless and others, 1977). In addition,
gamma-ray spectrometry yields RaeU values that
can be used as an estimate of uranium contents. Dis-
equilibrium within the upper part of the **U decay
chain may indicate the presence of labile uranium
(Stuckless and Ferreira, 1976) and is a criterion for
source-rock favorability. Disequilibrium to the ex-
tent of 10 percent or more between **U and ***Ra
can be identified by comparing RaeU values with
uranium contents obtained by the delayed-neutron
technique (Stuckless and others, 1977).

Uranium studies in western Alaska

Reconnaissance petrologic, radiometric, and geo-
chemical studies were conducted in several parts of
western Alaska by T. P. Miller and R. L. Elliott.
Attention was focused on this area because of wide-
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spread plutonic rocks having above-average uranium
and thorium contents and the occurrence of several
uranium prospects. Most of the prospects appear to
consist of disseminated uranium minerals in intru-
sive rocks, although vein and pegmatitic deposits
may also occur. Dike swarms of aplite and alkaline
rocks also appear to be favorable areas for explora-
tion. An association of uranium with fluorite and
hematite, with molybdenite, with magnetite, and
with unusually large concentrations of allanite was
noted in many areas.

A notable mineralized area containing concentra-
tions of uranium, thorium, and rare earths was
noted in syenite along the margins of alkaline dikes
24 km northeast of Golovin in the southeastern Se-
ward Peninsula (Miller and others, 1976). Allanite
appears to be the principal uranium-, thorium-, and
rare-earth-bearing mineral. Grab samples contain as
much as 0.15 percent U.0O., 1.05 percent ThO., and
over 2 percent rare earths. The alkaline dikes with
which these mineralized rocks are associated are
part of a larger dike swarm that crops out over an
area of at least 2560 km? and constitutes a large ex-
ploration target.

Motbiltle helium-detection equipment as a uranium-exploration
00!

Helium surveys conducted by G. M. Reimer
showed anomalous helium concentrations in soil gas
and subsurface water in the vicinity of a known roll-
type uranium deposit (Reimer and Otton, 1976). A
truck-mobile helium detector (Reimer, 1976) pro-
vides rapid quantitative analyses of samples at the
field location and can accommodate many variations
in the sampling procedure. The results of initial field
tests are very encouraging and suggest that helium
detection may be at least a useful complementary
technique in an integrated geochemical and geophys-
ical uranium-exploration program. The studies also
show that helium anomalies occur over known faults.

Depositional environments of the uranium-bearing Cutier

Formation of eastern Utah

Deposition of the Cutler Formation in the Lisbon
Valley district of San Juan County, Utah, as inter-
preted by J. A. Campbell (1976), occurred in a tran-
sitional area between alluvial fans that formed at the
foot of the Uncompahgre Highland to the northeast
and a shallow sea to the west and southwest. Deposi-
tional environments in this area include (1) fluvial,
both braided and meandering; (2) marine, including
shallow carbonate, offshore bar, and tidal flat; and,
(3) eolian crossbed orientation, which indicates that

streams flowed S. 67° W. on the average, marine cur-
rents moved sediment S. 36° E. and N. 24° W., and
wind transported sand S. 80° E. on the average.
Uranium is found in the top 30 to 50 m of the Cutler
in arkosic sandstones. Meandering distributarylike
streams flowing across flood plains close to sea level,
or tidal flats, accompanied by shifting coastal dunes
seem to be the setting in which these arkosic sand-
stones accumulated.

Resistivity study indicates structure of Gettysburg Basin in
Pennsyivania

As part of a study of the framework and uranium
potential of Triassic and Jurassic basins in the east-
ern United States, d-c-resistivity soundings made by
D. L. Campbell in the Gettysburg Basin of Pennsyl-
vania showed that the western border fault has
small displacement and that any major dislocation
of the basement would have to be on an unexposed
fault inside the basin. In the southwestern part of
the basin, the soundings showed the Gettysburg sill,
which crops out the length of the basin on the east-
ern side, to be shallow, thick, and flat lying in the
subsurface. In the northeastern part, however, the
sill is either missing or deeper than 400 m. Thus, an
abrupt subsurface termination or downwarp of the
sill is indicated somewhere near Heidlersburg, des-
pite the continuous outcrop of the sill a few kilo-
meters away.

Development of an improved magnetic-susceptibility well-

logging system for uranium exploration

A high-sensitivity temperature-stabilized mag-
netic-susceptibility well-logging system was devel-
oped and tested for uranium exploration in sedimen-
tary rocks. It is a well-known fact that altered rocks
with low magnetic susceptibility commonly extend
updip from roll-front deposits for distances of sev-
eral thousand meters beyond the limits of roll-type
orebodies. This alteration halo constitutes an ex-
ploration target many times larger than the uranium
orebody itself, so that, if the halo can be detected,
the associated uranium deposit can be found with
fewer drill holes at wider spacings than would be
required otherwise. The magnetic-susceptibility well-
logging system is capable of detecting these halos
by measuring susceptibilities in the 0- to 100-ucgs
range. Typical background values of susceptibility
in host sandstones range from 50 to 100 u.cgs, where-
as halo anomalies range from 0 to 50 ucgs. Reliable
detection of these low-level anomalies requires that
the drift rate of the measurement system be 20
pegs/h or less. The USGS system has a drift rate of
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approximately 10 pcgs/h, which is considerably bet-
ter than that of available commercial systems.

Electromagnetic methods in uranium exploration

Surface geophysical surveys conducted by B. D.
Smith and V. J. Flanigan (Smith and others, 1976;
Flanigan, 1976) demonstrated that nonradiometric
geophysical methods can be applied to uranium-
exploration problems in both crystalline and sedi-
mentary terranes. Two geophysical surveys of sedi-
mentary terranes were conducted in the southern
and west-central parts of the Powder River basin of
Wyoming. These surveys used total-field-magnetic,
very low frequency (VLF), and induced-polarization
(IP) methods. The geophysical data suggest that
subtle anomalies are associated with uranium roll
fronts. A number of general observations were made
from the surveys. Negative magnetic anomalies tend
to be associated with uranium mineralization. How-
ever, these anomalies may be masked, in part, by
anomalies caused by the variation of magnetic min-
erals not controlled or influenced by the processes
effecting uranium deposition. IP surveys commonly
show uranium mineralization to be bound on one
side or on both sides by high resistivity and high IP
response. The IP response is probably controlled by
the nature and distribution of sulfide and clay min-
erals. A surprising result of the surveys was the
association of tilt angle and (or) apparent-resistivi-
ty VLF anomalies caused by shallow (<10 m)
sources with deeper uranium mineralization (>50
m).

In crystalline terranes, Turam, Slingram, and
VLF electrical methods and the total-field-magnetic
method were used to define large-scale geologic fea-
tures such as faults that can have an important as-
sociation with uranium mineralizaton. Geophysical
surveys at the Schwartzwalder mine in Colorado
were successful in defining conductive fault zones.
The magnetic-field survey was useful in the geologic
mapping of lithologies having different magnetic sig-
natures where exposures are poor or nonexistent.

Uranium in mercury deposits in McDermitt caldera of Nevada

and Oregon

The McDermitt caldera on the Nevada-Oregon
border contains the Bretz, MecDermitt, and Opalite
mercury deposits and is one of the major centers of
mercury mining in the United States. These deposits
are found in sedimentary rocks that are altered to
smectite clays and adularia and locally are silicified
to opalite. Recent examination of the depositsby J. J.
Rytuba revealed that some of the opalite contains

uranium in concentrations as great as 520 ppm.
Sedimentary rocks outside the caldera are zeolitized
to clinoptilolite and erionite and do not contain
opalite.

GEOTHERMAL RESOURCES

Geothermal studies on Adak Island, Alaska

Preliminary geothermal studies conducted by T. P.
Miller and R. L. Smith on northern Adak Island in
Alaska indicated that the Mount Adagdak and An-
drew Bay Volcanoes consist chiefly of dacitic ande-
site domes with SiO. contents of up to 61 percent.
Potassium-argon age measurements made by G. B.
Dalrymple indicated that volcanic activity at Mount
Adagdak occurred approximately 0.15 to 0.34 mil-
lion years ago, whereas Andrew Bay Volcano is
about 0.8 million years old. The age range of Moffett
Volecano is unknown; an andesitic dome on the east-
ern side of the volcanic complex, however, yielded an
age of less than 0.3 million years.

Geochronology of Mount Drum and Mount Sanford in Wrangell

Mountains of Alaska

M. A. Lanphere and G. B. Dalrymple, in coopera-
tion with T. P. Miller, R. L. Smith and D. H. Richter, .
completed a detailed K-Ar study of Mount Drum and
Mount Sanford in the Wrangell Mountains of Alas-
ka. The formation history of Mount Drum, a strato-
voleano that rises more than 3,000 m above the sur-
rounding plain, is complex but may be roughly
divided into two cycles. Each cycle consisted of an
andesitic cone-building phase followed by the em-
placement of dacitic domes. The K-Ar dating indi-
cates that first-cycle activity began about 550,000
years ago and lasted less than 100,000 years. This
cycle was followed quickly by second-cycle andesitic
volcanism and finally by the emplacement of the
latest dacitic domes. Second-cycle activity occurred
from about 450,000 to 230,000 years ago.

Mount Sanford, a stratovoleano that rises to an
elevation of more than 4,800 m is older than Mount
Drum and consists primarily of andesitic lavas that
were erupted from about 700,000 to 830,000 years
ago. Cone building was followed by emplacement of
a few dacite and rhyolite domes about 500,000 to
600,000 years ago.

San Francisco volcanic field of Arizona

Geologic mapping and related studies conducted
by R. F. Holm, R. B. Moore, G. E. Ulrich, and E. W.
Wolfe in the San Francisco volcanic field of north-
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ern Arizona indicated that the central part of the

field, including the San Francisco Mountain strato-
voleano and a 15-km-wide belt west and south of the
stratovolcano, are characterized by a striking pauci-
ty of alkali-olivine basalt vents. Volcanism in this
area has been predominantly andesitic, with differ-
entiated products that range from andesite to rhyo-
lite occurring in both small and large eruptive
centers. Basaltic rocks in this association are alkali-
rich high-alumina basalts rather than the alkali-
olivine basalts that are widespread throughout much
of the volcanic field. This central andesite zone may
imply the existence of a young (probably less than 1
million years old) magma chamber underlying a
much larger area than the San Francisco Mountain
stratovolcano occupies. Occurrence of a few young
alkali-olivine basalt vents in the western part of the
zone may indicate local solidification of the magma
chamber about 0.5 million years ago. No young al-
kali-olivine basalts are known in the eastern part of
the zone, where the San Francisco Mountain strato-
volcano was still being formed about 400,000 years
ago. Potassium-argon dating (Damon, Shafiqullah,
and Leventhal, 1974; P. E. Damon and M. Shafiqul-
lah, written commun., 1976) of rhyolitic domes and
flows on the eastern side of San Francisco Mountain
‘indicates that the magma system was active as re-
cently as 200,000 years ago.

Potential geothermal field in Clear Lake area of California

J. M. Donnelly, F. E. Goff, J. M. Thompson, and
B. C. Hearn, Jr. (1976), found that the geochemistry
of thermal waters in The Geysers-Clear Lake area of
California, in combination with geologic mapping
and geophysical data, indicate that a 200°C hot-
water system underlies all of the 2.0- to 0.01-million-
year-old Clear Lake Volcanics northeast of the Col-
layomi fault zone, which is probably the northeast-
ern boundary of The Geysers steam field. The 80 or
more vents in the volcanic field may act as pipes for
water recharge in sufficient volume to prevent the
creation of a widespread vapor-dominated system
beneath the volcanic field. Although small steam
reservoirs could exist locally in favorable structures,
their waters are not reaching the surface in any of
the springs or wells sampled. Areal distribution of
chloride concentrations, which are distinctive for
the Great Valley sequence, indicate the subvolcanic
extent of the Great Valley sequence on top of Fran-
ciscan assemblage. Springs having high chloride con-
tents northeast of Clear Lake, in terrane shown as
entirely Franciscan on published maps, suggest the
presence of the Great Valley sequence and thus indi-

cate either that the surface exposures are incorrect-
ly identified or that the Great Valley sequence is
present at depth, overthrust by Franciscan assem-
blage.

Geophysical studies of the Coso geothermal area of California

The Coso Mountain area of southern California,
the scene of very recent volcanism, is considered to
be a major geothermal prospect. In conjunction with
exploratory geophysical investigations, the USGS
established a 16-station telemetered seismic network
at Coso in September 1975. H. M. Iyer, C. S. Weaver,
A. M. Pitt, and A. W. Walter reported a very high
level of local seismicity during the first 6 months of
monitoring, over 2,000 events being located. Al-
though the majority of these events were small
(0<m,;=3), five events with m;>8.6 occurred.
These larger events were followed by aftershock se-
quences, which usually lasted from 3 to 10 days. Two
earthquake swarms occurred ; the largest, on Decem-
ber 12, 1975, consisted of over 500 events in ap-
proximately 10 hours. All of the swarm-event loca-
tions were accurately determined and were found to
be clustered tightly along a fault plane at depths
ranging from 4 to 8 km.

The composite results show a complex pattern of
activity. Although mapped faults are abundant
throughout the area, much of the seismicity cannot
be associated easily with specific surface features.
The locus of activity exhibited spatial variations
over the time scale of a month and shifted abruptly
from one distinet area to another. The temporally
integrated activity revealed a consistent pattern of
epicenters that formed radial “arms” trending away
from the center of the volcanic field. The major geo-
thermal area, however, near Coso Hot Springs, ap-
peared to be less active seismically than the sur-
rounding areas. In addition, there were several
broad areas having little or no observed activity.
Although most of the young faults in the area show
normal offsets, the majority of the focal-mechanism
plots reveal strike-slip motion, often along nearly
vertical planes. Regional north-south compression is
consistent with all the fault-plane solutions.

Preliminary results obtained from the inversion
of teleseimic residual data in the Coso geothermal
area show that the weak P-delay anomaly to the
south of Coso Hot Springs may be caused by a plug
of low-velocity material with roots deep in the crust.
Most detailed work will be required to confirm this
hypothesis.

Weaver and Walter also reported that a 37-km-
long reversed seismic-refraction profile was estab-
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lished in a northeasterly direction across the Coso
Hot Springs geothermal area in October 1976. Pre-
liminary results indicate that P-wave velocities are
between 2.8 and 3.3 km/s in the uppermost crust. A
second layer having P-wave velocities between 5.5
and 5.7 km/s appears to dip slightly to the south-
west toward the Sierra Nevada. This layer is inter-
rupted by a north-south normal fault zone, which
contains the Coso Hot Springs. The eastern side of
the basement is downdropped relative to the western
side across this fault zone, and P-wave velocities ap-
pear to be lower on the west (5.5 km/s) than they
are on the east (5.7 km/s).

D. B. Jackson reported that d-c soundings in the
Coso ring structure (Duffield, 1975) show a near-
surface conductive layer 250 to 650 m thick overly-
ing a very high resistivity layer of indeterminate
thickness in the Devil’s Kitchen area. Since the
Sierran granitic basement rocks in most of the Coso
Range have resistivities less than 200 Q-m, it seems
probable that the near-surface conductive layer is
a highly altered impervious layer capping a high-
temperature steam zone at depth in the fractured
granitic basement rocks. As far as 5 km east of Coso
Hot Springs, in what was thought to be an area of
granitic rocks covered with a fairly thin mantle of
basaltic lava flows, d-¢ soundings suggest thicknesses
of up to 1,500 m of material having resistivities of
less than 50 @-m. This anomalous area could repre-
sent highly fractured rocks containing hot waters,
although there are no hot springs present and the
only heat-flow value thus far reported from near the
west-central part of the area is 3.7 HFU (Upton and
others, 1976).

Long Valley caldera in California

The first deep geothermal test well in the Long
Valley caldera of eastern California was drilled by
the Republic Geothermal Company in May and June
of 1976 to a depth of 2,109 m in the east-central part
of the caldera. The USGS previously made extensive
geologic, hydrologic, geochemical, and geophysical
surveys in the caldera, using it as a “type” example
of a large caldera-related geothermal system, but
lacked deep-drill-hole information by which the vari-
ous surveys could be “calibrated” (U.S. Geological
Survey, 1976a). D. E. White coordinated USGS well-
logging surveys and other activities with Republic’s
drilling activities.

The well penetrated a very thick section of intra-
caldera welded Bishop Tuff. For geothermal pur-
poses, the well proved disappointing; temperatures
did not rise above 100°C, and a broad temperature

reversal was found through the middle part (specific
data have not yet been released). Although the Re-
public hole did not reach temperatures high enough
for exploitation, it did provide an excellent oppor-
tunity to calibrate various geophysical methods used
in geothermal evaluation. In the Long Valley en-
vironment, electrical methods and seismic noise are
so strongly influenced by the shallow regime (<1
km) that the most geothermally significant depths
of 1 to 3 km are obscured. Seismic-refraction, pas-
sive-teleseismic, self-potential, and geochemical sur-
veys all indicate that geothermal potential is greater
in the central resurgent area than it is in the eastern
area, which was included in the Bureau of Land
Management lease sales.

R. O. Fournier, M. L. Sorey, R. H. Mariner, and
A. H. Truesdell reevaluated chemical and isotopic
data for thermal and nonthermal waters from the
Long Valley region and concluded that an aquifer
with 280°C water is present somewhere in the hydro-
thermal system. The highest previously estimated
aquifer temperature was 220°C. These new figures
increase the estimated convective heat flow from
4.3x107 to 6.6 X107 cal/s.

Temperatures measured by W. H. Diment and
T. C. Urban in seven shallow (<300 m) holes and
one deep (2,000 m) hole in the Long Valley caldera
indicate a pattern of subsurface temperatures much
more intricate than investigators had supposed.

R. A. Bailey’s continuing mineralogical and geo-
chemical studies of the volcanic rocks associated
with Long Valley caldera suggested that the sub-
jacent magma chamber, which is the heat source of
the associated active geothermal system, has been
replenished with magma at least twice in postcaldera
time. These results confirm in general the conclu-
sions reached by Lachenbruch and others (1976) on
the basis of heat-flow studies and are in agreement
with evidence obtained from teleseismic P-delay
studies (Steeples and Pitt, 1976) that the caldera is
still partly underlain by molten magma. Analysis of
major-, minor-, and trace-element data and rare-
earth-element distribution patterns shows that the
volcanic rocks fall into three distinct compositonal
groups separated by well-defined compositional gaps.
Within the groups are second-order compositional
trends that can be attributed to subsequent differen-
tiation under oxidizing conditions. The individual
groups are interpreted as being generated in a deep
source, and the secondary trends are interpreted as
being the result of high-level differentiation in the
magma chamber. The data imply that, after the
magma chamber was formed between 1.9 and 0.9
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million years ago and partially emptied 0.7 million
years ago by eruption of the Bishop Tuff (Bailey and
others, 1976), the chamber was replenished wth
new batches of magma 0.6, 0.3, and 0.1 million years
ago; this resupplying of additional heat has pro-
longed the life of the geothermal system as well as
its economic potential.

A conceptual model of the hydrothermal system in
the Long Valley caldera was developed and analyzed
by M. L. Sorey, R. E. Lewis, and F. H. Olmsted on
the basis of results from previous geologic, hydro-
logic, geophysical, and geochemical studies (Muffler
and Williams, 1976; Fournier and others, 1976). A
hot-water reservoir was assumed to exist in the frac-
tured, densely-welded Bishop Tuff and to be continu-
ous over the area of the caldera at depths of 1 to 3
km. As was indicated by the isotopic contents of
caldera waters, water-table altitudes, and the rela-
tively cool temperatures measured in a recently
drilled 2 km-deep test hole east of Hot Creek, re-
charge to the hydrothermal reservoir is simulated
around the western and northeastern caldera rims;
discharge is simulated along Hot Creek gorge and
through the southeastern rim. Modeling results
vield estimates of 30 to 350 mD for the effective
permeability in a 1 km-thick reservoir. Present-day
heat-flow and reservoir temperatures could be sus-
tained for a 35,000-year period of hot-spring dis-
charge with a circulation of 1.5 to 2.5 km and mag-
ma at a depth of 6 km under the western half of the
caldera; continuous hydrothermal activity over the
last 300,000 years requires a circulation of 4 to 5
km. Simulated reservoir temperatures of 50° to 80°
C east of Hot Creek are close to measured tempera-
tures in the deep test hole.

Chemical and physical characteristics of low-temperature

geothermal systems in Colorado

R. E. Moran coordinated a cooperative study done
by the USGS, the Colorado Geological Survey, and
the Colorado Department of Natural Resources’ Di-
vision of Water Resources to evaluate geothermal
resources throughout Colorado. All significant hot-
spring systems in Colorado were sampled to deter-
mine all major and many minor chemical constitu-
ents. In addition, subsurface reservoir temperatures
at all sites were calculated by using a silicon dioxide
model, a sodium-potassium model, a sodium-potassi-
um-calcium model, and mixing-model geothermome-
ters. The data indicate that most of these hydro-
thermal systems will produce only hot water and
that little or no steam generation is possible.

An exploration program using surface-geophysi-
cal techniques was initiated in the Upper Arkansas-
Northern San Luis Valley region. Preliminary data
indicate the presence of a continuous low-resistivity
region connecting these two valleys. The presence of
this region indicates that the geothermal reservoir,
which is evidenced by the hot springs in both valleys,
may be continuous under Poncha Pass.

Magma chambers and volcano structure in Hawaii

F. W. Klein used the seismic network on Kilauea
Volcano and on the island of Hawaii to obtain ac-
curate locations for local earthquakes. These earth-
quakes are the key to understanding the seismic de-
formation of the volcano and the fault systems and
stresses related to magma chambers. The seismic
network also makes it possible to obtain inversions
for the volcano’s velocity structure by means of local
and teleseismic earthquake sources. Results of inver-
sions indicate that velocities in eruptive centers are
higher than those in surrounding regions and that a
low-velocity layer exists at the base of the crust
under Hawaii.

A detailed seismic survey of Kilauea Iki revealed
high microearthquake activity in the lava crust over-
lying the still-cooling magma body there. This activi-
ty is believed to be associated with the contraction
of rocks immediately above the melt. By systemati-
cally mapping the microearthquake frequency at
various positions on the lake flow, one can generally
outline the boundary of the magma body.

Very low frequency radio signals from transmit-
ters operated by the U.S. Navy were used as the

‘energy source for mapping the lateral extent of

molten rock trapped within Kilauea Iki crater.
Transmitter stations located at Lualualei on the
island of Oahu and at Jim Creek, Wash., operating
at frequencies of 23.4 and 18.6 kHz, respectively,
provided signals oriented orthogonally in such a way
that the entire perimeter of the lava lake could be
mapped effectively. Tilt angle and resistivity meas-
urements at both frequencies were made at each
survey station. Resistivity measurements made with
the electric field perpendicular to the edge of the
conductor were found to be most definitive in inter-
preting the data with respect to locating the edge of
the molten material.

Raft River geothermal area of Idaho }
Geophysical, geologic, and hydrologic studies of
the Raft River geothermal area in southern Idaho
continued in 1976. W. . H. Diment and T. C. Urban
made temperature measurements in four shallow
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holes and one deep hole in the Raft River valley.
Preliminary results indicate a regional gradient of
about 50°C “km and a corresponding heat flow of 2.5
to 2.75 HFU. These holes are apparently outside the
zone of high shallow temperatures known to exist in
the Raft River valley. Nevertheless, they are valua-
ble in helping to delineate the size of the thermal
anomaly in this region.

S. S. Oriel and H. R. Covington examined cuttings,
core, and borehole geophysical data from the three
deep geothermal exploration holes drilled by the
Energy Research and Development Administration
near Bridge, Idaho, in the Raft River basin and con-
firmed that the deep-circulation convective system is
controlled by faults and that horizontal water move-
ment is primarily fracture controlled rather than
intergranular.

The first two deep exploration holes penetrated a
silica cap rock beneath which hot (146°C) water
under artesian conditions was encountered in a
highly fractured zone. Continued drilling in both
holes produced cooler temperatures and fewer frac-
tures below the production zone. The third deep ex-
ploration hole encountered few open fractures, but
alteration of the rock and healed fractures suggested
past or nearby activity. Offset drilling from the
third hole produced high-temperature (146°C) wa-
ter under artesian conditions from fractured zones.
Implications are that the geothermal system is self-
sealing and that hot (+145°C) water may be found
at depths near any young fault within the Raft
River basin.

Exploratory drilling for geologic and hydrologic
data continued in the Raft River geothermal area
during 1976 with the completion of two wells, each
approximately 370 m deep. E. G. Crosthwaite re-
ported that flowing water with a surface tempera-
ture of 656°C was unexpectedly found at a depth of
45 m in one well. The other well found rhyolitic rock
interbedded in sediments shed from a major Basin-
and-Range-type fault. The data developed from the
drilling program and recent geologic and geophysi-
cal investigations are being used to construct digital
hydrologic models of both the cold- and the hot-
water systems.

Geothermal potential of the Sugar City area of Idaho

Continued geologic mapping and related volcanic
studies conducted in the eastern Snake River Plain
of Idaho by H. J. Prostka, augmented by interpreta-
tion of gravity and hydrologic data, suggested that
a large Pliocene caldera complex may be centered
beneath the Rexburg Bench, an area of very high

heat flow. Hot water in wells near Newdale and the
Teton damsite and hot springs at Heise and Canyon
Creek all appear to be localized within the caldera
ring-fracture zone. Sugar City, located above a sub-
sided and buried part of this zone, is favorably situ-
ated for the geothermal-resource development
recently proposed for this area. Much additional geo-
logic and geophysical work is needed to better define
the extent of the reservoir and the temperature vari-
ations within it.

Temperature surveys at' 1-m depth in Nevada

Synoptic temperature surveys made at a depth of
1 m in the Soda Lakes and Upsal Hogback areas of
the western Carson Desert in Nevada were tested as
a reconnaissance method of geothermal exploration
by F. H. Olmsted. Correlative data consisted of tem-
peratures and temperature gradients measured in
test holes ranging in depth from 10 to 45 m—depths
beyond the significant influence of seasonal fluctua-
tions in solar-energy input. The best correlation be-
tween temperatures at 1 m and those at 20 m or
deeper was obtained where a boiling water table was
present at depths of only a few meters, where tem-
peratures and temperature gradients were far above
background values, and where corresponding heat
flows were hundreds to thousands of times larger
than background values. The poorest correlation was
found where temperatures and temperature gradi-
ents were only slightly to moderately above back-
ground values and heat flows were a few times to a
few tens of times larger than background values.
Large areal variations in geology, topography, depth
to the water table, and other perturbing factors
greatly limit the effectiveness of 1-m temperature
surveys in delineating temperature and heat-flow
anomalies at greater depths.

Geothermal assessment of Newberry Volcano in Oregon

Newberry Volcano in central Oregon is a broad
shield-shaped volcano with a summit caldera. Its
volume equals or exceeds the volumes of the larger
stratovolcanos of the nearby Cascade Range. Previ-
ous geologic studies (Williams, 1935; Higgins, 1973)
have been confined largely to the caldera, where both
basalt and rhyolite have erupted in Holocene time.
On the basis of limited reconnaissance, the flanks of
the volcano have been assumed to be formed of num-
erous basalt flows, but Holocene ash- and pumice-fall
deposits from both Newberry Volcano and Mount
Mazama cover much of the flanks to depths of as
much as 6 m and obscure older rocks. Geologic map-
ping by N. S. MacLeod indicated that, although
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basalt flows are abundant, ash-flow tuffs of inter-
mediate to silicic composition are widespread on the
flanks. They are particularly abundant on the east-
ern and western flanks but may also be widespread
on the north and south below younger basalt flows.
The large volume of some of the ash-flow-tuff units
suggests that some may be related to the initial stage
of caldera formation. Rhyolites, which were previ-
ously known to occur mainly in the caldera area, are
also widespread on the flanks; 12 dome and vent
areas have been identified on the flanks. In addition,
rhyolite domes and flows of the caldera walls ap-
parently extend at least 4 km outward from the
walls, where they form a conspicuous break in slope
on the upper flanks of the volcano. The abundance of
Quaternary rhyolite surrounding the summit cal-
dera and on the flanks suggests that the volcano may
have an even higher geothermal potential than in-
vestigators had thought previously and that some of
this resource may lie outside the caldera, which has
been withdrawn from geothermal development.

Hydrothermal alteration studies of drill core from Yellow-

stone National Park in Wyoming

T. E. C. Keith, D. E. White, and M. H. Beeson
made detailed studies of drill core from research
holes Y-7 and Y-8 drilled in the northern part of
the Upper Geyser Basin of Yellowstone National
Park in Wyoming in 1967 (White and others, 1975).
Hole Y-7 is 73.6 m deep, has temperatures up to
143°C and no excess fluid pressure, and thus is out-
side the present upflow system. Hole Y-8, 130 m
southeast of Y-7, is 153.4 m deep, and has tempera-
tures up to 170°C and fluid pressures up to nearly
2.5 b, all of which indicate the direct influence of
upflowing fluids. The permeability of the well-sorted
obsidian-bearing sands and gravels between the two
holes has decreased greatly in response to devitrifi-
cation, solution, and deposition of hydrothermal min-
erals, largely in initial pore spaces.

The principal hydrothermal minerals of Y-7 are
the high-silica zeolites clinoptilolite and mordenite,
the metastable silica minerals opal and cristobalite,
and montmorillonite clays. The more intensely al-
tered core of Y-8 includes zones of the same min-
erals, but, in other prominent zones, quartz and anal-
cime have replaced the less stable clinoptilolite and
cristobalite; celaconite is the dominant clay miner-
al. Below a depth of 27 m in Y-8, hydrothermal
potassium-feldspar occurs with analcime and quartz,
probably forming from excess potassium in the
potassum-rich clinoptilolite. Calcite in Y-8 seems to
occur where a rapid upward decrease in fluid over-

pressure caused localized boiling, loss of CO. to
vapor with a consequent increase in pH, and conver-
sion of bicarbonate to carbonate in the water.

A detailed study of veinlet mineralogy and para-
genesis indicates that first-formed minerals are gen-
erally the most soluble and least stable and, in time,
are converted into more stable minerals. Major fac-
tors influencing the formation of hydrothermal min-
erals are the abundance and reactivity of obsidian as
the dominant unstable starting material, elevated
temperature, permeability, silica activity, and fluid
composition. During conversion of clinoptilolite-
cristobalite to analcime-quartz, much potassium is
dissolved (even though it is offset in part by the
deposition of potassium-feldspar). The decrease in
Na-K in the liquid is the opposite of what would be
expected of a high-temperature water cooling and
reacting with rocks; this phenomenon demonstrates
that the cation geothermometer used so widely in
predicting subsurface geothermal-reservoir tempera-
tures must be applied with caution to zeolite-cris-
tobalite mineral assemblages.

The initial lithologies of core from the two drill
holes are very similar and indicate high horizontal
permeabilities. Thus, present contrasts between the
wellhead pressures of the two holes at equivalent
depths provide strong evidence for horizontal self-
sealing, a process that has important economic con-
sequences in controlling the productive parts of geo-
thermal reservoirs.

Keith and L. J. P. Muffler reported that the ash-
flow tuff penetrated by research drill hole Y-5 in
Yellowstone National Park has undergone a complex
history of crystallization and hydrothermal altera-
tion since its emplacement 600,000 years ago. While
the glassy groundmass was cooling down from mag-
netic temperatures, it underwent either devitrifica-
tion to alkali feldspar+ a-cristobalite+tridymite or
granophyric ecrystallization to alkali feldspar
+quartz. Associated with the cores of granophyric
crystallization are prismatic quartz crystals in mia-
rolitic cavities. Vapor-phase alkali-feldspar, tridy-
mite, magnetite, and sporadic e-cristobalite were
deposited in miarolitic and lithophysal cavities and
in the void space of pumice fragments. Subsequent-
ly, some of the vapor-phase alkali-feldspar crystals
were replaced by microcrystalline quartz, and the
vapor-phase minerals were frosted by a coating of
saccharoidal quartz.

Hydrothermal minerals occur primarily as fillings
in cavities and fractures and as alterations of mafic
phenocrysts. Chalcedony, the dominant mineral re-
lated to the present hydrothermal regime, occurs as
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microcrystalline material mixed with varying
amounts of hematite and (or) goethite. The chalce-
dony displays intricate layering and banding and
was apparently deposited as opal from silica-rich
water. Hematite and goethite also occur as replace-
ments for both mafic phenocrysts and vapor-phase
magnetite. Other prominent hydrothermal minerals
include montmorillonite pyrite, mordenite, calcite,
and fluorite. Clinoptilolite, erionite, illite, kaolinite
and manganese oxides are sporadic. The hydrother-
mal minerals show little correlation with tempera-
ture, but bladed calcite is restricted to a zone of boil-
ing in the tuff and clearly was deposited when CO.
was lost during boiling.

Hole Y-5 differs from the other research drill
holes in Yellowstone in that it contains common frac-
tures and breccias filled with chalcedony that cannot
be interpreted readily as tectonic. It is more likely
that they were produced by explosive disruption of
the rock caused by a sudden decrease in hydrostatic
pressure, perhaps owing to the rapid drainage of an
overlying glacial lake. The chalcedony was either
deposited very rapidly as a silica floc or else a pre-
existing floc was moved rapidly into fractures pro-
duced during hydrothermal explosion.

CHEMICAL RESOURCES
LITHIUM

Lithium in soils and stream sediments reflects lithium-bearing

pegmatites

In the arid environment of Taos County, New
Mexico, lithium was detected by W. R. Griffitts in
alluvial sediments 1.2 km from known lithium-bear-
ing pegmatites; mineralogic or chemical analyses of
panned concentrates detected lithium at even greater
distances because of the persistence of spodumene
and lepidolife in the sediments. The lithium content
of soils is higher above lithium-rich pegmatite than
it is elsewhere, even though about 30 m of amphibo-
lite occur between the pegmatite and the soil. Thus,
lithium can penetrate metamorphic rocks during
staurolite-level metamorphism, and this penetration
might indicate deeper pegmatite deposits.

Geophysical characterization of lithium-brine deposits in

Clayton Valley of Nevada

Direct-current-resistivity soundings were used by
B. D. Smith to explore for lithium-bearing brines
and to map the general location of the interface be-
tween known brines and fresher water in the Clay-
ton Valley of Nevada. The lithium-rich brine was
correlated with a thick sequence of very conductive
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sediments. Another sequence of conductive sedi-
ments, defined by geophysical survey, occurs below
the lithium-producing brine and may be a target for
future brine production. In addition, electromagnetic
soundings with a ground-wire source confirmed the
presence of thick sequences of conductive sediments
at Willeox, Ariz., and at the so-called “Luke Salt”
body near Phoenix, Ariz., that may contain lithium-
bearing brines.

Migration and accumulation of lithium in the near-surface

environment

C. L. Smith reported that background lithium in
Nevada hot springs is as high as or higher than
background lithium in ambient-temperature springs.
Investigation of a lithium anomaly in two springs,
defined by lithium-to-chloride ratios, led to the dis-
covery of high lithium and potassium surface brines
currently being generated on the Fish Lake Valley
playa in Nevada. Lithium concentration in an ex-
posed 2-m-thick bed of volcanic ash varied from 120
ppm at the top to 650 ppm in the middle to 210 ppm
at the bottom. The ash bed is an aquifer for ground
water having a lithium concentration of 0.4 ppm.

High-temperature waters consistently high in lithium relative

to other constituents

High-temperature waters are consistently high in
lithium relative to other constituents and thus are
possible source waters for lithium-rich nonmarine
evaporites such as the Searles Lake brines and the
recently discovered brines in Bolivia.

D. E. White, J. M. Thompson, and R. O. Fournier
(1976) found that the relatively dilute thermal wa-
ters of Yellowstone Park in Wyoming have an aver-
age lithium content of about 8 ppm and a lithium-to-
chloride ratio of about 0.01, which is near the upper
concentration ratio for natural waters. The calcu-
lated discharge of lithium from Yellowstone Park is
about 480 t/yr, or 48 X10° t over the probable mini-
mum duration of 100,000 years. Because of its cli-
matic environment, Yellowstone’s lithium is dis-
persed in river water and eventually in ocean water
and associated sediments. But, in an environment
favorable for evaporative concentration, such as the
Long Valley-Owens River-Searles Lake system of
California, and perhaps in a similar system in the
Clayton Valley of Nevada, the lithium in high-tem-
perature geothermal waters can become concentrated
in commercial deposits.

The Salton Sea geothermal brine (350°C and 26
percent salinity) has about 215 ppm Li, a lithium-to-
chloride ratio of 0.0014, and an estimated 1.0 x10° t
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Liin 5 km* of brine (White, 1968). This very large
potential lithium resource is not yet commercially
usable, in spite of its great heat content and other
valuable constituents, because of the unsolved chemi-
cal problems of corrosion and scaling.

Lithium demand limits exploration

J. D. Vine reported that a new estimate of lithium
resources in the United States indicates that about
10 percent of the reserves and identified resources
and about 13 percent of the probable future re-
sources are in lithium-rich brines. With the discov-
ery of new brine fields in South America, lithium
brines now constitute about two-thirds to three-
fourths of the total world resource. Thus, a gradual
shift in emphasis to the production of lithium from
brines rather than from pegmatites would seem to
be indicated. The demand for lithium products, how-
ever, has not caught up with industrial capacity, so
that industry finds little incentive to explore for
lithium-rich brines, rocks, and clays in the United
States, even though predictions of future demand
far exceed current capacity.

Lithium distribution in Cenozoic alluvium

J. R. Davis (1976) found that alluvium associated
with through-flowing streams has the lowest lithium
values of any Cenozoic fine-grained alluvial sedi-
ments in the Western United States. Holocene and
Wisconsinan samples from playas have higher
values, and Sangamon and Illinoian(?) sediments
from interpluvial playa lakes tend to have the high-
est values. This trend indicates the importance of
restricted surface drainage and dry climatic epi-
sodes in the process of concentrating lithium in
sediments.

Lithium-rich tin and oil-shale deposits

E. B. Tourtelot reported that samples of granite
and vein material from the El Paso tin district of
Texas contains as much as 1,300 ppm Li. Tin-bear-
ing rhyolite from the Black Range in New Mexico
contains 100 to 200 ppm Li. Samples containing more
than 1,000 ppm Li were collected from sections con-
taining oil shale of Oligocene age near Lincoln,
Mont., whereas oil-shale sections in the Green River

"Formation (Eocene) in Wyoming contain 100 to 200
ppm Li.

Lithium occurrences in sedimentary environments

R. G. Bohannon reported that lithium-rich Terti-
ary rocks are widely exposed in the vicinity of the

Muddy Mountains and White basin in Clark County,
Nevada. The rocks were deposited in a large basin
that contains coarse clastics overlain by carbonates
and chemically precipitated rocks. Lithium occurs
mostly in the chemical precipitates, probably in the
mineral hectorite.

Lithium in flint clays from Pennsyivania and Maryland

Flint clays commonly contain about 1,000 ppm Li
(Tourtelot and Meier, 1976). Samples collected by
H. A. Tourtelot from Pennsylvania and adjacent
Maryland showed both regional and local variations
in the lithium contents of megascopically similar ma-
terials. Maximum lithium concentrations in the sam-
ples ranged from 330 ppm in central Pennsylvania
to 2,100 ppm in Clinton County, Pennsylvania.

The mode of occurrence of the lithium is not yet
known. Mica-rich flint clay in central Pennsylvania
contains relatively small amounts of lithium, the
suggestion being that the detrital mica is a dilutant
of lithium rather than a source. A spherical nodule
of diaspore about 10 cm in diameter from central
Pennsylvania consists of an inner core of diaspore
(40 ppm Li), a dense inner ring of presumably
mixed diaspore and kaolinite (280 ppm Li), an outer
ring that appears to be predominantly kaolinite
(2,050 ppm Li), and a flint-clay matrix of kaolinite
(1,200-1,400 ppm Li). These data suggest that lithi-
um is concentrated either in kaolinite or in a present-
ly unknown mineral by the process that forms the
diaspore nodules. Many, but not all, of the flint clays
in Pennsylvania having large concentrations of lith-
fum also contain oolites that seem to be diaspore.

PHOSPHATE

California phosphorite

A. E. Roberts reported that phosphorite deposits
in the Santa Margarita Formation of late Miocene
age in the Cuyama Valley of California are a poten-
tial resource for phosphate. The deposits occur in
two stratigraphic zones—a lower zone (10 m thick)
at the base of the formation and an upper zone (50
m thick) 100 m above the base. The zones generally
consist of pelletal sandy siltstones and phosphatic
mudstones interbedded with porcelaneous siltstones
and diatomaceous shales. The upper zone averages
4.25 percent P.O;, and the upper 25 m averages 5.25
percent P.O.. The phosphatic grains in the deposits
are very fine to medium sand-sized pellets and coarse
sand-sized to medium pebble-sized nodules. The pel-
lets are structureless aggregates of microcrystalline
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carbonate-fluorapatite, and the nodules are micro-
crystalline aggregates or aggregates of pellets in a
phosphatic clay matrix. Most pellets contain varying
amounts of detrital material consisting generally of
quartz, feldspar, microfossils (diatoms or forams),
or shell fragments. Sedimentary structures and
faunal assemblages in the phosphatic zones indicate
a nearshore shallow-water marine environment hav-
ing prolonged calm-water conditions interspersed
with occasional high-energy-current conditions that
winnowed away the fine-grained material and
rounded the pellets.

Precambrian phosphorite discovered in Michigan

W. F. Cannon and J. S. Klasner (1976) reported
that phosphatic pebbles are widespread in basal
units of the Marquette Range Supergroup (about 2
billion years old) in the central part of the northern
peninsula of Michigan. At one locality, a conglom-
eratic bed about 15 m thick averages about 15 per-
cent phosphorous pentoxide (P.0.). Many thinner
beds are of comparable grade. This occurrence is one
of the oldest sedimentary phosphate deposits in the
United States and is believed to be the richest de-
posit in the Precambrian of the Unifted States. Al-
though outerops in the region are generally scarce,
similar but lower grade material has been found at
four other localities, the suggestion being that im-
portant phosphate deposits may be concealed by the
extensive cover of glacial material.
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Phosphate resources in southern land-pebble district of Florida

Estimates that deposits of phosphate rock in
Florida will be depleted by the year 2000 have caused
considerable concern. J. B. Cathcart reported that
recent drilling showed that there may be much more
minable phosphate in the Hawthorn Formation of
southern Florida (Hardee, Manatee, and DeSoto
Counties) than investigators had thought previous-
ly. In addition, large areas reported to be ‘“‘barren”
are now known to contain potentially minable de-
posits. Early drilling stopped at the first bed too
hard to penetrate with the hand auger. Machine
drilling has now proved that possibly economic de-
posits underlie hard, thin (1-2 m) carbonate lenses
stratigraphically above the more massive carbonate
“bedrock” of the northern part of the phosphate dis-
triet in Polk and Hillsborough Counties.

BENTONITE

C. A. Wolfbauer found that bentonites in the
Bearpaw Shale (Upper Cretaceous) of northeastern
Montana are commonly less than 30 em thick. Indi-
vidual beds thicken and thin and are locally absent.
Beds are markedly thicker in outcrop than they are
in drill core. Most outcropping beds are gypsiferous,
and some contain calcareous concretions up fo 1 m
in diameter. Bentonites in this area have high green-
compression strengths and moderate to high dry-
compression strengths and are best suited for use
in taconite pellets and foundry sand.
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NEW ENGLAND

Deglaciation of the Hamburg quadrangle of Connecticut

Mapping done by R. M. Barker of the surficial
geology of the Hamburg quadrangle in southeastern
Connecticut (index map, loc. 1) showed that glacial
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NEW ENGLAND
STATES

deposition, both directly from ice and by glacial
melt waters, was sparse during the latest deglacia-
tion. Evidence of earlier glaciations was not found
within the quadrangle. The till cover is thinner
and less continuous than normal for New England,
and outcropping bedrock is widespread. Stratified
drift sequences are mostly short, commonly thin,
and of fluvial-ice contact type and consist of coarse-
grained materials. Throughout the quadrangle, there
was a strong east-to-west component during degla-
ciation. Several sets of sequences clearly drained

east or southeast, while southeasterly or westerly
spillways were still choked by ice.

Granitic plutons of New England

The relative compositions of the granitic plutons
of New England have been compared with those of
the Sierra Nevada batholith on histograms plotting
area versus chemical and modal parameters. D. R.
Wones demonstrated that New England plutons
have a lower color index, less plagioclase, more
alkali feldspar, and higher SiO, contents than their
Sierra Nevadan counterparts. Muscovite-bearing
granites are the most common in New England and
the least common in the Sierra Nevada. Features
such as the regional chemical gradients of K.O are
characteristic of the Sierra Nevada but have not
been observed in New England. If the subduction of
oceanic crust is related to the Sierra Nevada batho-
lith, as present plate tectonic theories suggest, then
the orogenies that led to plutonism in New England
must have been substantially different. A combin-
ation of rifting followed by or concurrent with con-
tinental obduction seems most plausible.

Middle Paleozoic unconformity in Maine

Bedded rocks of the so-called ‘“Bucksport Forma-
tion” have been found to lie unconformably on
bedded rocks of the so-called “Copeland Schist” and
Passagassawakeag Gneiss in Bucksport and Holden,
Maine (loc. 2). D. R. Wones, mapping in the Bucks-
port and Orland quadrangles, found that the older
formations are at garnet grade or higher, are per-
vasively deformed by refolded folds, and are in-
truded by pegmatite and aplite dikes. The dikes
contain zircons, which R. E. Zartman showed by
Poeee /Pb2* dating to be 420+ 0.01 million years in
age. These dikes do not intrude the ‘“‘Bucksport For-
mation,” which is at biotite grade and is less com-
plexly folded. The “Bucksport Formation” is in-
truded by the Mount Waldo and Lucerne plutons,
which are 390 and 370 million years in age, respec-
tively (Wones, 1974), and is thought to be equivalent
to the Vassalboro and Kellyland Formations. The
“Bucksport Formation” also appears to lie uncon-
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formably on the Penobscot Formation, although this | with regional trends in the adjacent Westhampton

interpretation is less certain.

Norumbega fault zone in central and eastern Maine

The Norumbega fault zone extends from Brooks
to Great Pond, Maine, and probably extends from
there to Fredericton in New Brunswick, Canada.
D. R. Wones demonstrated that, between Winter-
port and Great Pond (loc. 3) the zone contains three
distinct traces. Mylonite zones and observed slicken-
sides indicate a right-lateral motion for the fault.
The blocks included within the fault zone have been
subjected to tilting, so that lower Paleozoic meta-
sedimentary rocks (“Copeland Schist”) are exposed
in one block toward the southwest, whereas the
Passagassawakeag Gneiss, which underlies the
“Copeland,” is exposed in another block to the north-
east. Total measured offsets are based on (1) cor-
relations between blocks containing the Passagassa-
wakeag Gneiss, (2) a possible correlation between
the granite of Topsfield, Maine (Faul and others,
1963), and the Lucerne pluton, and (3) offsets of
the Mississippian-Pennsylvanian boundary in New
Brunswick. These correlations indicate about 35 km
of right-lateral offset.

Kyanite in schists of the Casco Bay Group in Maine

Identification of kyanite in schists of the Casco
Bay Group in the Liberty 15-min quadrangle of
Maine (loc. 4) by P. H. Osberg (USGS) corrobor-
ated similar reports made by Kost Pankiwskij
(Maine Geological Survey). Kyanite appears un-
altered in the assemblage quartz+muscovite+ bio-
tite + kyanite+ garnet. These localities, coupled with
those near Portland, Maine, described by Hussey

(1971), require a modification to the metamorphic

map of New England (Thompson and Norton,
1968). No critical data exist between Portland and
the triple-point isobar figured in Thompson and
Norton’s map; consequently, the triple-point isobar
should swing northward to include the kyanite
localities in Maine.

Pre-Triassic geology of the Easthampton quadrangle in

Massachusetts

Stewart Clark found that, within the Easthamp-
ton quadrangle of Massachusetts (loc. 5), the pre-
Triassic rocks are mainly medium-grained grano-
diorite and coarse pegmatite. Local inclusions of
country rock are large enough to be separately
shown. A plot of schistosity and bedding within
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these inclusions shows an overall pattern consistent

quadrangle. The emplacement of the granodiorite
and pegmatite does not appear to have significantly
altered the preemplacement distribution of meta-
sedimentary rocks.

The metasedimentary rocks include rocks that
were previously assigned to the Conway Granite
and rocks that are lithologically similar to rocks
of pre-Silurian age to the west. The rocks tentatively
assumed to be pre-Silurian in age include feldspathic
schist and hornblende-plagioclase amphibolite.

Elsewhere within the Easthampton quadrangle,
the granodiorite is cut by basalt. Inclusions of tona-
lite in the Belchertown Quartz Monzodiorite have
been noted within the granodiorite.

Significance of kettle holes in southern New Hampshire stream
terraces

Kettle holes produced by melting of partially or
completely buried ice blocks were found by Carl
Koteff in postglacial stream terraces cut in deposits
of glacial Lakes Merrimack and Hooksett in the
Merrimack River valley of southern New Hampshire
(loc. 6). The presence of the kettles indicates that
buried ice can last for considerable periods of time,
perhaps several hundred years. This conclusion is
based on very rough estimates for rates of glacier
retreat in southern New England of about 400 to
500 m/yr; the glacial lakes were in existence during
this time and thus necessarily predate the kettled
stream terraces. Although downcutting of more
than 30 m by the post-Lake Merrimack river was
very rapid in the soft lake sediments, the length of
time required for this process also must be added
to the lifetime of the buried ice blocks.

Length of Connecticut Valley ice lobe

Detailed mapping of glacial melt-water deposits
in the Shutesbury, northern Belchertown, and south-
ern Millers Falls quadrangles of Massachusetts (loc.
7) by J. R. Stone showed that deltaic and lacustrine
sediments were deposited in ice-marginal ponds in
three major east-west-trending valleys that drain
the western edge of the Worcester County plateau.
Successively lower delta surfaces are graded to suc-
cessively lower spillways down each valley and in-
dicate westward shrinking of the Connecticut Valley
ice lobe. Upland melt-water channels that supplied
sediment to the basins, paleocurrent indicators, and
melt-water erosion of successive lake deposits after
each lake drained provide evidence that lobation of
the ice in the Connecticut Valley extended only a
few kilometers south of the upland ice margin.



MINERAL-RESOURCE AND MINERAL-FUEL INVESTIGATIONS 47

Geology of the Pepperell and Shirley quadrangles of
Massachusetts

The low-grade metamorphic rocks east of the
Wekepeke fault system in the Pepperell and Shirley
T7145-min quadrangles of Massachusetts (loc. 8) con-
sists of two distal turbidite “flysch” sequences, ac-
cording to G. R. Robinson, Jr. The rocks have de-
veloped a subhorizontal foliation that is commonly
axial planar to chevron folding and is probably re-
lated to late Acadian west-over-east thrusting.

The Wekepeke system of normal faults forms the
western boundary of the low-grade zone. Fault
motion postdates regional metamorphism, the intru-
sion of the Fitchburg Granite, and is probably
Mesozoic in age.

Postglacial slide blocks at Mount Tom, Massachusetts

In postglacial time, blocks of Holyoke Basalt have
broken loose from steep cliffs on the Mount Tom
Range in Massachusetts (loc. 9) and moved west-
northwest by sliding or rolling over talus and till-
covered bedrock. According to F. D. Larsen, the
maximum displacement of any block is 366 m hori-
zontally and 198 m vertically from the nearest
outcrop of Holyoke Basalt and 250 m horizontally
and 119 m vertically from the toe of the nearest
talus. The largest block is 6.1xX4.6x4.6 m and has
moved only a few tens of meters from the nearest
talus. Elongate slide rocks, the shapes of which are
controlled by columnar jointing, are commonly
oriented with their long axes directly down the
slope. Since damage to surrounding trees has been
observed, movement probably took place prior to the
growth of the present forest. However, precariously
perched joint blocks are common on the cliffs of
Mount Tom and constitute a potential geologic
hazard, particularly during an earthquake.

Stratigraphic correlation of Ellsworth Schist withdrawn

A structural block exposed north of the Cheda-
bucto fault in the Antigonish Mountains of central
Nova Scotia, Canada, is similar in lithology, struc-
ture, and geologic history, as described by Benson
(1974), to the Ellsworth structural block in eastern
coastal Maine. The Browns Mountain Group of Nova
Scotia was tentatively correlated with the Ellsworth
Schist by D. B. Stewart. Field comparison of these
two terranes made in October 1976 failed to yield
convincing lithological comparisons, and the tenta-
tive correlation is here withdrawn.

Correlation of Paxton Quartz Schist in central Massachusetts

Good regional evidence suggests a correlation of

the gray biotite granulites, biotite schists, and calc-
silicate granulites of the Paxton Quartz Schist as
mapped by Emerson (1917) in central Massa-
chusetts (loc. 10) with various Upper Silurian units
in northeastern New England, including the Marid
Formation in northwestern Maine, according to
Peter Robinson, M. T. Field, and Robert Tucker
(University of Massachusetts). Pyrite and pyrrho-
tite-rich magnesian schist interpreted by Field
(1975) to lie at the base of the Paxton in the Ware
and North Brookfield quadrangles is correlated on
lithic grounds with the Smalls Falls Formation
(Silurian?) of northwestern Maine. Southward ex-
tension of these two lithic types determined by re-
connaissance in the Warren and East Brookfield
quadrangles as far south as the Massachusetts Turn-
pike indicates that much of the Paxton was included
by J. S. Pomeroy (written commun., 1976) in the
“Upper Gneiss Member of the Hamilton Reservoir
Formation,” whereas much sulfidic magnesian schist
was included in the “Upper Mica Schist Member
of the Hamilton Reservoir Formation,” where it was
not distinguished from more iron-rich schists typical
of the Partridge Formation (Middle Ordovician).
Northward in the Barre and Templeton quadrangles,
the sulfidic magnesian schist and the normal granu-
lite of the Paxton Quartz Schist are separated by
a distinctive zone of gray graphitic schist of uncer-
tain correlation.

Subdivision of the Ammonoosuc Volcanics in west-central
Massachusetts

A detailed subdivision of the Ammonoosuc Vol-
canics on the western flank of the Monson Gneiss
in the Orange 714-min quadrangle of Massachusetts
(loc. 11) made by Peter Robinson (University of
Massachusetts) proved to by a key to local structure.
The sequence of units is nearly identical to that
found at the southern end of the Keene gneiss dome
and similar to that found east of the Warwick dome.
The nature of this sequence should enter into any
paleogeographic considerations. The Ammonoosuc
Voleanics rests on the coarse-grained layered to mas-
sive gneiss of the Monson Gneiss in what is believed
to be, but cannot yet be proved to be, an uncon-
formity. The basal unit of the Ammonoosuc Vol-
canics, occurring as a local lens 0 to 9 m thick, is a
quartz-granule and quartz-pebble conglomerate with
a calcareous matrix of diopside, hornblende, epidote,
calcite, and feldspar.

The major mafic lower unit, 61 to 152 m thick,
consists of amphibolites, amphibole gneisses, and
minor felsic gneiss interpreted to have been basaltic,
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andesitic, and minor felsic lavas and pyroclastics.
Relict pillow structures, agglomerates, and porphy-
ritic textures have been identified at several loca-
tions. Mineral assemblages are characterized by
various combinations of quartz, feldspar, horn-
blende, anthophyllite, gedrite, cummingtonite, gar-
net, biotite, epidote, and diopside. Hornblende-an-
thophyllite, gedrite-oligoclase, and gedrite-garnet
gneisses are particularly characteristic of this unit.
Between 3 and 15 m below the top of the mafic lower
unit is commonly a calcareous zone 0.9 to 12 m thick
consisting of hornblende-calcite, diopside-horn-
blende-calcite, and biotite-calcite gneiss or calcite
marble.

The middle of the formation is marked by a dis-
tinctive well-bedded unit 0 to 8 m thick consisting
of quartz-garnet-amphibole-magnetite granulite in
which the amphibole may be gedrite, cummingtonite,
or hornblende. This unit is interpreted to have been
ferruginous chert.

The major felsic upper unit, 15 to 152 m thick,
consists of various quartz-feldspar-biotite gneisses
with minor amphibolites. Most commonly, the felsic
gneisses contain muscovite and garnet indicative of
a peraluminous parent, but some layers contain
hornblende. In this zone are distinctive felsic
gneisses with resistant quartz-silimanite nodules.
These rocks are considered to have been felsic
volecanic rocks that were enriched in alumina by
chemical weathering or hydrothermal leaching prior
to metamorphism. The felsic upper unit is directly
overlain with sharp contact by the metamorphosed
marine sulfidic shales of the Partridge Formation,
now sillimanite-biotite schists. The Partridge, par-
ticularly in its lower part, contains abundant mafic
volcanic layers similar to the lower part of the
Ammonoosuc Voleanics and also layers of felsic
voleanic rocks similar to the adjacent upper part of
the Ammonoosuc.

Structure in the Oxford area of Massachusetts

The Lake Char fault, as suggested by earlier work
and by Emerson’s (1917) map, makes an abrupt
bend in the northwestern corner of the Oxford
quadrangle of Massachusetts (loc. 12), its trace
changing from north-northwest to east-northwest.
South of this bend, according to H. R. Dixon, the
thickness of rock units in the upper plate is re-
duced from roughly 5,500 m at the southern border
of the quadrangle to about 450 m in a distance of
about 6 km. The missing section consists of all of
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the Quinebaug Formation, with the possible excep-
tion of a thin veneer of mylonitic Quinebaug along
the fault plane, and all but the uppermost part of
the Tatnic Hill Formation. East of the bend of the
fault trace, most of this section of rock apparently
reappears. Outerop control of the fault is poor in
the northern part of the quadrangle, but the trace
of the fault delineated from the few existing out-
crops and from boulder evidence is substantiated by
aeromagnetic map, on which magnetic trends in
the upper plate follow around the fault bend.
The Northbridge Granite Gneiss in the Oxford
quadrangle is continuous with and equivalent to the
Sterling Plutonic Group of Connecticut and Rhode
Island. Varieties of the Sterling that can be mapped
in Massachusetts include the equivalents of the upper
unit of the Hope Valley Alaskite Gneiss and the
underlying Scituate Granite Gneiss. Probably the
equivalent of the lowermost part of the Ponaganset
Gneiss forms the core of the dome. The Hope Valley
equivalent intrudes and is interfolded with the
Plainfield Formation, and both have been myloni-
tized near the Lake Char fault. Lenses of Plainfield
can be traced into the dome gneisses, possibly in
long attenuated folds, but not across the dome; thus,
the correlation of the Plainfield with the Blackstone
Group of Rhode Island cannot be subtantiated yet.

Garnets from the Worcester ‘‘Coal Mine”

Garnets collected by J. C. Hepburn (USGS) at the
Worcester “Coal Mine” site in Massachusetts (Ioc.
13) from rocks of known Carboniferous age (Grew,
Mamay, and Barghoorn, 1970) were analyzed with
the electron microprobe. The garnets are small,
ranging from 0.2 to 0.7 mm, and occur in a carbona-
ceous muscovite-quartz phyllite associated with beds
of impure meta-anthracite. Analysis reveals that
the garnets are zoned, MnO varying from 9.08 per-
cent in the core to 5.59 percent at the rim (David
Walker (Harvard University), analyst). The amount
of CaO+MnO varies correspondingly from 12.02 to
9.92 percent. Garnet end-member compositions de-
termined from atomic proportions are:

ore Rim

(percent) (percent)
Almandine ___.__________ 64.2 68.5
Spessartite ______________ 22.9 17.3
Pyrope ____ o ___________ 3.5 3.1
Grossularite _____._______ 9.4 11.1

The relatively high MnO and MnO+ CaO contents of
these garnets indicate that the Alleghenian meta-
morphism in this area probably did not reach the
temperatures of the almandine garnet zone.
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Thrust faults in northwestern Massachusetts

N. M. Ratcliffe found that green chloritoid-bearing
schists of the Greylock Schist on Mount Greylock in
the Williamstown and Cheshire quadrangles of Mas-
sachusetts (loc. 14) discordantly overlie the Wal-
loomsac Formation (Ordovician) as well as Cam-
brian and Ordovician units of the Stockbridge For-
mation. These results differ from Herz’s (1958) in-
terpretations, which were based on his work in the
Cheshire quadrangle and suggested stratigraphic
continuity between the Walloomsac (‘“‘Berkshire
Schist”) and the Greylock Schist. The new findings
indicate that the base of the Greylock is a premeta-
morphic low-angle thrust fault.

Ratcliffe also found a major thrust fault within
the Hoosac Formation on Hoosac Mountain in the
North Adams quadrangle. The fault separates an
upper green (Greylock Schistlike) Hoosac facies
from a lower black albitic Hoosac facies that is de-
monstrably unconformable on the 1-billion-year-old
gneisses of the Berkshire massif. The results sug-
gest that the type Hoosac of Hoosac Mountain con-
sists of two or more lithotectonic units (fault slices).

D. B. Potter discovered that the base of the thrust
sheet that locally defines the Taconic allochthon of
the Brodie Mountain-Potter Mountain Range (loc.
15) in northwestern Massachusetts is a zone of
mixed rocks several hundred meters thick. The zone
is composed of tabular slivers, hundreds of meters
long and a few tens of meters thick, and smaller
equant fragments of Taconic sequence and syncli-
norium sequence rocks (Zen, 1967) imbedded in the
autochthonous Walloomsac Formation (Middle and
Upper? Ordovician). Contacts between slivers and
Walloomsac in this zone are locally silicified and
slickensided, but many contacts are clean and show
no evidence of faulting. This zone may be a block-in-
shale unit formed during emplacement of the thrust
sheet in Middle Ordovician time.

Rhythmic laminations in drumlin cores

Recent excavations in Massachusetts drumlins
have exposed rhythmically laminated silts and clays
in drumlin cores beneath old (drumlin) till. A. V.
deForest reported that 2 m of nonfractured and non-
faulted, laterally continuous, alternating light and
dark silt and clay laminations, averaging 1 cm thick,
are exposed in the eastern flank of a drumlin north
of Winning Pond in the Billerica 71%-min quadrangle
of Massachusetts (loc. 16). Overlying the rhythmites
is dark brown (oxidized) old till 4 to 8 m thick, which

is overlain by 2 to 4 m of gray, sandy upper Wis-
consinan till. In the Worcester North 714-min quad- |
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rangle, B. D. Stone found a highway cut in the
drumlin north of Indian Hill that shows 3 m of
laminated silts and clays interbedded with lateral-
ly continuous, very thin beds of silty diamicton—a
very poorly sorted mixture of clay- to granule-sized
particles—and containing angular silt intraclasts.
Stone concluded that these diamicton interbeds are
gravity-flow deposits laid down intermittently on
top of the accumulating suspended-load silts and
clays. The laminations and diamicton beds are frac-
tured and sheared along low-angle apparent thrust
planes and are overldin by 2 m of oxidized old till
in apparent thrust slices.

Similar fractured and sheared silt-clay laminations
form the core of a small drumlin north of Route 20
and east of Broad Meadow Brook in the Worcester
South quadrangle, where 3 to 5 m of sheared and
thrusted gray and brown old till overlie the rhyth-
mites. Sandy upper Wisconsinan till containing dis-
crete old till clasts overlies the sheared old till. The
rhythmite cores of all three drumlins may be of
similar origin. All three drumlins lie on the western
border of major outwash-filled valleys. The strati-
graphic and structural relationships indicate that
the rhythmites may have been eroded and dragged
up from adjacent lowland deposits at the base of
an ice sheet and deposited as part of the drumlin
cores. Thrust slices of both fresh and previously
weathered (Stone and Randall, 1975) old till may
have been emplaced at the same time, the indication
being that at least part of the deformation and depo-
sition occurred at the base of the late Wisconsinan
glacier. Alternatively, the rhythmites may have been
deposited and deformed subglacially as drumlin
cores.

Geology of the Lowell-Ayer region of Massachusetts

Fieldwork done in the Lowell 714-min quadrangle
of Massachusetts (loc. 17) by R. Z. Gore verified
the Tadmuck Brook Schist is separated from the
Merrimack Quartzite by the Clinton-Newbury fault
zone. The zone of intense cataclasis is very narrow
along this segment of the fault, possibly less than
30 m wide.

The Nashoba Formation and the Tadmuck Brook
Schist do not appear to be in fault contact in the
Ayer 7145-min quadrangle.

The coarse-grained quartz monzonites of the
Lowell area are more homogeneous than the pre-
sumably equivalent units in Ayer quadrangle.

A major dike in the Tynesboro area, which paral-
lels the regional strike, extends into the town of
Ayer where it is approximately 36 m thick. This dike
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has the appearance of an unaltered “Triassic” dike
that postdates all metamorphism. Preliminary op-
tical examination of the potassium feldspars in the
country rock immediately adjacent to the dike sug-
gests the presence of a thermal halo. This conclusion
is supported by the presence of potassium-feldspar
grains whose optical properties suggest a higher
temperature structure than that of the regionally
prevalent (Gore, 1976) maximum microcline. The
dike continues for over 8 km but appears to end
abruptly against a locally prominent deflection or
kinking of the regional foliation. This dike may offer
a small operator a limited local source of high-grade
“trap.”

Peristerite in low-grade metamorphic rocks

A microprobe study conducted by J. M. Hammar-
strom (USGS) showed that many concentrically
zoned microporphyroblasts of plagioclase in low-
grade (subchloritoid) regionally metamorphosed
rocks of the Everett Formation (upper Precam-
brian? and (or) Lower Cambrian?) of the Taconic
allochthon in southwestern Massachusetts (loc. 18)
have a core of about An,,; the An content increases
gradually outward to about An., and then abruptly
changes to a rim that is virtually An free. The gen-
eral result confirms previous microprobe work done
on these rocks by E-an Zen (USGS) and A. E. Bence
(State University of New York, Stony Brook). The
new study, however, is correlated to a detailed trans-
mission ele¢tron microscope (TEM) study conducted
by G. L. Nord, who found that the high-An zone,
whose composition is normally considered to be
within the peristerite gap of plagioclase feldspar, is
indeed now a peristerite consisting of alternating re-
gions at spacings of about 100 A, presumably result-
ing from spinodal decomposition of an initially
homogeneous phase having the bulk composition in-
dicated by the probe data. Probe data show that a
rock of much lower grade contains plagioclase that
is nearly pure albite; a rock of slightly lower grade
contains zoned plagioclase showing the same gradual
outward increase of An but little or no indieation
of an Ab rim. A rock of somewhat higher grade
(just above the chloritoid zone marker) shows an
outward increase of An without any sign of an al-
bitic rim. The albite-rimmed plagioclase occurs only
in a narrow belt in which other mineral retrogression
relationships were also recorded.

Zen (1969) previously interpreted the zoning rela-
tion as being due to polyphase metamorphism—an
earlier Taconian regional metamorphism on which
an Acadian event of slightly lower grade was super-
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imposed and caused the albitic rim. Where the Aca-
dian event was much lower in grade, no mineralogical
record is present; where the Acadian event was
higher in grade, it alone is recorded. The TEM find-
ing does not contradict this conclusion but does pose
the questions of how and why an initially homo-
genous plagioclase having bulk composition in the
peristerite gap was formed. Crawford (1966), on the
basis of coexisting discrete plagioclase crystals, pro-
posed that the peristerite solvus has a crest at about
An,, and in the staurolite zone. Thus, Nord’s TEM
results could mean initial metastable crystallization
between the binodal and coherent spinodal solvi, as
Nord, Zen, and Hamarstrom (1976) proposed. Al-
ternatively, however, the stable solvus itself could
be at a much lower temperature (maybe 350° to
400° C, judging by the mineral assemblages of Mas-
sachusetts) ; thus, the initial crystallization would
have been stable, and the Acadian annealing would
have occurred at a temperature within the range of
the spinodal solvus.

Petrography of the Preston Gabbro in Connecticut

H. R. Dixon’s petrographic study of the Preston
Gabbro in the Jewett City 714 min quadrangle of
Connecticut (loc. 19) showed that a zone of diorite
to quartz diorite approximately 450 m wide com-
pletely surrounds the gabbro, except locally where it
is faulted out. Thus, the eastern margin of the gab-
bro body is not the floor of a laccolithic sill, as Sklar
(1958) suggested, but is a fault cutting an anti-
formal or dome-shaped body. Trondhjemite dikes,
which represent an acid differentiate of the gabbro,
most commonly occur in the diorite zone or in the
adjacent Quinebaug Formation rather than in the
gabbro. Since the Preston Gabbro represents a gab-
bro body differentiated in place, what is presently
exposed is only the faulted upper part of a much
larger body. The gabbro is, for the most part, a
leucogabbro containing more than 50 percent labra-
dorite to bytownite. Mafic to ultramafic varieties
have not been found.

A preliminary radiometric age of 420=10 million
years was obtained (R. E. Zartman, personal com-
mun., 1976) from zircons in one of the trondhjemite
dikes. The trondhjemite analyzed occurs as a dike
cutting strongly cataclastic Quinebaug Formation
but is not itself cataclastic; in other localities,
trondhjemite is cataclastic. The age, therefore,
should date the time of intrusion of the gabbro and
set minimum and maximum limits on the times of
cataclasis—that is, the cataclasis that preceded
gabbro and its differentiates.
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The Honey Hill fault in eastern Connecticut

According to Wintsch (1976), the Honey Hill fault
is a continuous bedding-plane thrust localized in
the lower part of the Tatnic Hill Formation that un-
derlies much of eastern Connecticut and that is ex-
posed around the Willimantic Dome. Wintsch’s
conclusion was based largely on the similarity be-
tween deformation in the pelitic rocks of the Tatnic
Hill Formation along the Honey Hill fault and in
the vicinity of the Lake Char fault and deformation
on the dome. This deformation is characterized by
large, rotated, deformed blocks and boulders, as well
as by small-scale assymetric folding and cataclasis.
R. J. Fahey and M. H. Pease, Jr., noted these same
features when they were mapping in the South Cov-
entry and Spring Hill 714-min quadrangles north
of the dome. Fahey reexamined exposures of the
base of the Tatnic Hill Formation in the Willimantic
and Columbia 7!4-min quadrangles (loc. 20) and
found many occurrences of these tectonically rotated
blocks. The blocks may be as large as 100X 300 X300
m; they are bounded by sheared and slickensided
surfaces, and foliation is abruptly truncated at
boundaries of blocks. Rocks of the Quinebaug For-
mation and the Willimantic Gneiss that lie below this
chaos zone represent fensters of an older terrane
that is exposed south of and beneath the Honey Hill
fault as mapped by Dixon and Lundgren (1968).
The continuity of a single Honey Hill fault surface as
postulated by Wintsch, however, seems unlikely.

Possible intrusion along deep-seated thrusts in eastern
Connecticut

The Canterbury Gneiss of eastern Connecticut and
its equivalent, the Eastford Gneiss, appeared to
M. H. Pease, Jr., and R. J. Fahey to have been em-
placed in part within zones of tectonic rifting along
which are juxtaposed rocks that may have derived
from distant sources. In the Spring Hill and South
Coventry 7V5-min quadrangles (loc. 21), most ex-
posures of the Canterbury Gneiss lie between rocks
of the Southbridge Formation (the Hebron Forma-
tion of Dixon and Lundgren (1968)) that belong to
the Merrimac synclinorium sequence and rocks of
the Tatnic Hill Formation that are not a part of this
sequence.

This gneiss is a syntectonic intrusive emplaced at
depth under oriented stress that produced penetra-
tive deformation. This deformation is associated
with low-angle thrusting in the Spring Hill and
South Coventry quadrangles that has juxtaposed the
Southbridge rocks against the Tatnic Hill. The in-
trusive gneiss intertongues with and is interlayered

with screens of the Southbridge above and the
Tatnic Hill below, with no shearing at the contacts.
Emplacement evidently followed tectonic transport
and possibly obliterated much of the evidence for
shearing between the two formations.

The sketch map of eastern Connecticut (Gold-
smith, 1963) (see also Dixon and Lundgren, 1968)
shows that the Canterbury everywhere lies near or
at the contact between the Tatnic Hill and the Heb-
ron Formations. Perhaps this contact represents a
structural break throughout eastern Connecticut
rather than a stratigraphic one. Intrusion along a
structural zone of weakness is more plausible than
intrusion at a stratigraphic horizon.

Late glacial readvance into Boston Basin

Field data and radiocarbon dates now show that a
final glacial readvance that brought glacial ice into
the Boston Lowland of Massachusetts occurred
about 12,000 C-14 years before present, according
to C. A. Kaye. This ice appears to have spread from
a stable icecap that persisted in the New England
interior after ice had vacated the coastal zone (from
about 12,000 to 13,000 C-14 years before present).
This final glacial readvance entered the Boston Basin
through the major valleys of the Charles River and
the Mystic Lakes and spread out as broad lobes on
the lowlands, which disturbed but did not remove
the thick clays that underlay most of this area. One
lobe occupied the Back Bay, and another occupied
the Fresh Pond area (loc. 22). It is not known how
far east this glacial readvance extended.

Possible Cambrian age for the Boston Basin

The probability that the rocks of the Boston Basin
of Massachusetts (loc. 22) are all Cambrian in age
rather than late Paleozoic (Devonian and Carbon-
iferous) was more firmly established this year, ac-
cording to C. A. Kaye. Rocks that are lithologically
identical to the rocks that bear Cambrian fossils
have now been found at many places within the
basin. The basin rocks seem to be structurally con-
formable to the fossiliferous Cambrian (the uncon-
formity, or fault, hypothesized to separate them has
not been found in the field), and the-Quincy Granite,
radiometrically dated as Ordovician in age and
clearly intruding fossiliferous Cambrian, is now also
seen to intrude basin-type rocks. In addition, rock
cores taken from foundation borings in the Revere-
Winthrop area and recently studied show the source
of the limestone pebbles containing Early Cambrian
fossils, described a half-century ago by Clark (1923),
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to lie within the basin and.to form an integral part
of its highly complex sedimentary framework.

Fitchburg piuton and metasedimentary sequence in Fitchburg

and Ashby quadrangles of Massachusetts

Plutonic rocks mapped as Fitchburg Granite by
Emerson (1917) in the Fitchburg and Ashby 714
min quadrangles of Massachusetts (loc. 23) were
mapped in detail by J. D. Peper. They consist of
several early, strongly foliated sills of biotite gran-
ite and biotite quartz diorite-granodiorite that are
cut by, and form inclusions in, a younger two-mica
granite that makes up most of the pluton. The
younger granite is identical to granite of Acadian
age at Malden Hill near Worcester, Mass. Intrusion
of the plutonic rocks superposed a sillimanite-grade
north-trending contact aureole across a preexisting
northeast-trending regional and andalusite-kyanite
isograd, as polymorphic overprinting of aluminosili-
cate minerals in pelitic schist inclusions indicates.
Along the eastern side of the pluton, a unit of biotite
granulite and calcareous granulite is conformably
overlain by a unit of graded bedded gray schist and
quartzite, similar to the sequence Hebron Formation-
Scotland Schist of southeastern Connecticut. Coarse
granulite in the aureole of the northeastern lobe of
the pluton was mapped by Emerson as Paxton
Quartz Schist, whereas stratigraphically identical
granulite south of the aureole was mapped as Oak-
dale Quartzite.

Glacial and glaciofluvial sedimentation in east-central

Massachusetts

The areal and vertical distributions of coarse-
grained glaciofluvial and glacial deltaic deposits in
the Worcester-Fitchburg-Shirley area are closely
related to the regional deglaciation history of central
Massachusetts. Detailed surficial mapping done
along the eastern side of the Worcester County
Plateau by B. D. Stone demonstrated the progressive
retreat of the Wisconsinan ice sheet as a major lobe
in the Nashua River valley. Numerous southwest-
trending striations and drumlins in the Worcester
North and Fitchburg quadrangles indicate active
ice retreat on the western side of the Nashua Valley
lobe., Metasedimentary gravel clasts derived from
the valley east of the Fitchburg-Leominster-Sterling
line (loc. 23) were carried southwestward at the
front of the receding ice lobe and were laid down
as outwash erratics on granite pluton terrane in
Worcester, Holden, West Boylston, and Sterling.
Ice-contact heads of upland deltaic deposits, as well
as major deltas graded to several stages of glacial
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Lake Nashua, indicate the local northwestward
trend of the ice front during lobate retreat. Thick,
coarse-grained delta topset beds and interbedded
stand-and-gravel forest beds occur in outwash heads
in Holden, Sterling, Leominster, and Fitchburg
where the ice lobe abutted the upland plateau. Paleo-
current indicators and fining of sediments down-
stream indicate a southeastward current flow into
the deep ice-marginal glacial lake basins.

APPALACHIAN HIGHLANDS AND THE
COASTAL PLAIN

Seismic refraction in Charleston area of South Carolina

H. D. Ackermann recorded eight seismic-refrac-
tion spreads totaling 22 km in length and also 5 km
of multifold high-resolution reflection data north-
west of Charleston, S.C. (index map, loc. 1). Prelim-
inary interpretation of the refraction data indicate
a large basement feature involving perhaps 1,000 m
of vertical offset near Summerville. The nature of
this feature is not clear. The reflection data show a
Lower Cretaceous section about 700 m thick and
consisting of flatlying beds that are not faulted.
The base of the Lower Cretaceous section is marked
by a large reflection that reproduces numerous mul-
tiples that mask any deeper reflections. The char-
acter of the reflection sections is constant except in
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the immediate vicinity of Middleton Place, which is
the epicenter of a recent magnitude 4 earthquake.

Mineralogy of Clubhouse Crossroads Core Hole No. 1

A continuously cored test hole, located about 40
km west of Charleston, S.C. (loc. 1), was completed.
According to B. B. Higgins and G. S. Gohn, Club-
house Crossroads Core Hole No. 1 penetrated 750 m
of Cenozoic and Upper Cretaceous sediments and
bottomed at 792 m in 42 m of hydrothermally al-
tered amygdaloidal basalt. The basalt consists of
two flows that appear to be subaerial. Trace-element
geochemistry done by David Gottfried indicated that
the basalt is a quartz-normative tholeiite of the con-
tinental extension type, similar in composition to
other Mesozoic dolerites in eastern North America.
Two whole-rock K-Ar radiometric dates were ob-
tained by R. F. Marvin: 109+4 and 94.8+4.2 million
yvears (late Early Cretaceous and early Late Creta-
ceous, respectively). Because of the alteration, these
ages must be minimum, but, if they are correct, the
basalt is significantly younger than the Triassic and
Jurassic mafic rocks known to be associated with
extensional tectonics in the Eastern United States.
The dates are in accord with the early Late Creta-
ceous age of fossiliferous sediments 3 m above the
top of the basalt.

Biostratigraphic studies of the core indicate that
there is a sedimentation hiatus of about 10 million
years spanning late Eagle Fordian and early
Austinian time (Late Cretaceous). This hiatus cor-
responds to a provenance shift, indicated by heavy-
mineral suites, from a dominantly granitic source
area to one of regionally metamorphosed pelitic
rocks.

The heavy-mineral assemblage in a sample col-
lected at a depth of 455 m from the Black Creek
Formation (Upper Cretaceous) is 95 percent andalu-
site, the remainder being mostly biotite and a trace
of cordierite. This assemblage indicates that the
sediment source was the hornfels zone of a contact
aureole (probably of a dike, sill, or plug) developed
in pelitic sediments, and the abundance of andalusite
indicates that the source was nearby. In Black
Creek time, the coastal plain had a sedimentary
cover extending northwestward to the modern Fall
Line and probably beyond. The need for a source of
contact-metamorphosed sediments within the coastal
plain suggests that shallow igneous activity in the
general area of the core-hole site occurred as late as
Black Creek time. Supporting evidence is diabase 3
m thick that was encountered in an oil test well in

andalusite-rich sample in the core hole.

X-ray analysis of the clay-size fraction shows that
cristobalite and clinoptilolite are common through-
out most of the Tertiary sediments but are absent in
the Cretaceous. The presence of cristobalite and zeo-
lites in the Tertiary of the Gulf and Atlantic Coastal
Plains has been reported by many workers; however,
the apparent absence of these minerals in the Upper
Cretaceous of the southeastern Atlantic Coastal
Plain has not been noted. Although the significance
of this finding is still under study, it may prove to
be a useful lithostratigraphic tool, particularly in
the upper coastal plain of South Carolina where the
lithologies of Cretaceous and Tertiary units are
similar.

Fault west of Charleston, South Carolina

A fault with a vertical displacement of 38 m at
the Eocene-Oligocene time line was found by G. S.
Gohn and B. B. Higgins 40 km west-northwest of
Charleston, S. C. (loc. 1). The probable strike of the
fault plane is E. 25° S., and the dip is high-angle
normal or reverse. The fault was located by using
the Eocene-Oligocene time line as a marker in two
USGS deep test wells and in a number of 30-m-deep
auger holes. The time line occurs within the Cooper
Marl, and its depth can be determined by means of
nannofossils identified by L. M. Bybell, by the ab-
sence of clinoptilolite in the Oligocene, and, in some
areas, by a lithologic change across the time line.

Computer map aids planners

A technique called computer composite mapping
was used to produce a land capability map from
which land use planners in Fairfax County, Virginia
(loc. 2), made site evaluations. According to J. N.
Van Driel, digitized maps showing slope stability,
surface-material type, surface water, and vegetation
were combined to produce a map that delineated op-
timum areas in a 4,000-ha site for development of a
new town in southern Fairfax County. Using this
map and others developed by A. J. Froelich, S. F.
Obermeier, and R. H. Johnston, the Fairfax County
planning staff was able to evaluate the new town
site and suggest alternatives where conflicts existed
between the conceptual development plan and actual
site conditions.

Post-Miocene weathering beneath the Atlantic Coastal Plain

Crystalline rocks buried beneath Atlantic Coastal
Plain sediment in the Washington, D.C., area (loc.

Summerville, S. C., 27 m below the elevation of the | 2) commonly have weathering profiles that resemble
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those of saprolites of the Piedmont, according to
M. J. Pavich and S. F. Obermeier. Cuts made along
the Metro 1-66 route in morthern Virginia show a
bedrock weathering profile beneath sediments of
Cretaceous age and younger. Three lines of evidence
indicate that this buried weathering profile has
formed in the subsurface and is post-Miocene in age:

o The thickness of the profile, ranging from 2 to 15
m, is a function of the permeability of the over-
lying material (for example, thinner beneath
clays and thicker beneath sands).

® The buried profile shows no evidence of soil for-
mation at its upper surface and, therefore, no
evidence of ever having been subaerially ex-
posed.

® Consolidation tests on the cohesive clayey silts in
the samples of the weathering profile indicate
mechanical equilibrium with the present over-
burden, whereas consolidation tests on
superjacent Cretaceous clays indicate overcon-
solidation resulting from a thicker pre-upper
Miocene overburden.

The post-Miocene age for the buried profile in-
dicates that not all saprolite buried by Cretaceous
sediment is pre-Cretaceous in age and is of interest
because of its implication about the age of the ex-
posed Piedmont saprollite.

Metamorphic rocks of northernmost Virginia Piedmont

Rocks that have been called Wissahickon Forma-
tion or Peters Creek Quartzite in Fairfax County,
Virginia (loc. 2), were found by A. A. Drake, Jr., to
consist of three different metasedimentary and
lesser metavolecaniclastic sequences. At the latitude
of the Potomac River, interbedded pelitic schist and
graywacke of flyschoid aspect (Wissahickon western
sequence of Hopson (1964) crop out from the Trias-
sic-Jurassic (?) border to Cabin John Bridge, where
they are in contact with diamictite (the Skyesville
Formation as used by Hopson (1964)). These fly-
schoid rocks appear to have been progressively met-
amorphosed from the chlorite zone in the west to
the sillimanite zone about at Bear Island. The sil-
limanite-bearing rocks are migmatitic. A short dis-
tance east of Sherwin Island, these high-grade rocks
are severely sheared and retrogressively metamor-
phosed to chlorite phyllonites. On the basis of sedi-
mentary structures, this western sequence faces
west, is largely overturned, and appears to be phy-
sically above the diamictite. These rocks are poly-
deformed and have polyphase fabrics.

The contact between the western Wissahickon

rocks and diamictite has been described by earlier
workers to be intergradational. At this latitude,
however, where phyllonitic migmatites are in con-
tact with prograde (garnet) diamictite containing
clasts, knockers, and rafts of phyllonite, the contact
is not intergradational. Only diamictite is exposed
eastward along the Potomac to the coastal plain con-
tact. The belt of phyllonized high-grade rocks can
be traced southwestward to the Triassic-Juras-

sic(?) contact near Manassas, Va.

To the south of the Potomac, near Annandale, Va,,
another sequence of pelitic schist and graywacke
crops out. These rocks differ from the western
sequence described above, and it has been best de-
termined that they are all at the garnet grade (pro-
grade). Garnet is strongly compositionally controlled
in these rocks, and its appearance does not mark an
isograd. On the basis of sedimentary structures, this
sequence faces east, is largely overturned, and ap-
pears to stratigraphically underlie the diamictite.
No evidence of intergrading has been seen. These
rocks are polydeformed and have polyphase fabries.
Clasts, knockers, and rafts of this sequence occur
within the diamictite.

A third metamorphic sequence crops out in a
southwest-trending 4-km-wide belt from the coastal
plain outlier near Tysons Corner, Va., to the south-
ern boundary of Fairfax County and has been traced
by reconnaissance farther south. These rocks, the
Clifton Phyllite of Bennison and Milton (1954),
consist of metasiltstone and pelitic phyllite that
have a fair amount of interbedded felsic and mafic
volcaniclastic material. These rocks are probably at
biotite grade and have abundant sedimentary struc-
tures showing that the sequence faces east. Al-
though the rocks are isoclinally folded, they have
polyphase fabrics at only a very few places. These
rocks physically underlie the western sequence. The
contact may well be an overturned unconformity,
but it could be tectonic. The relation of this sequence
to the diamictite is not certain at this time. The
relation to the sequence near Annandale cannot be
determined because of intervening intrusive bodies.
No “Clifton Phyllite” has been found within the
diamictite.

The exceedingly complex relationships of these
rocks are not well understood at this time. An ap-
pealing hypothesis (Hopson, 1964) would be that the
eastern metamorphic sequence was the base upon
which the diamictite was emplaced by submarine
sliding ; the clasts, knockers, and rafts within the
diamictite were ripups picked up during emplace-
ment. The western sequence, visualized as being al-
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lochthonous, was emplaced subsequent to high-grade
metamorphism and migmatization. The clasts,
knockers, and rafts of this sequence were deposited
in the diamictite as they spalled from the advancing
allochthon. The “Clifton Phyllite” sequence is prob-
ably unconformable on the older rocks. Much more
work will be required to understand these rocks.

Faults and folds of the coastal plain in northeastern Virginia

A trench across the Dumfries fault of the Stafford
fault zone near Stafford, Va. (loc. 3), exposed a high-
angle reverse fault juxtaposing Quantico Slate
(lower Paleozoic) and Potomae Group (Cretaceous)
rocks, according to W. L. Newell, D. C. Prowell, and
R. B. Mixon. A system of subsidiary reverse faults
and small-scale normal faults disrupt the coastal
plain strata adjacent to the main fault. Crosscutting
relationships and stratigraphic details indicate that
the subsidiary faults in the Cretaceous rocks docu-
ment a history of episodic deformation, active in
part during accumulation of the coastal plain strata.
Slickensides and stereo net analysis of the orienta-
tion of subsidiary reverse faults, normal faults, and
bedding indicate that, through time, faulting con-
sistently included right-lateral separation.

Mixon and Newell reported that four en-echelon
northeast-trending structures, including southeast-
dipping monoclines and northwest-dipping high-
angle reverse faults, have been mapped along the
inner edge of the coastal plain in northeastern Vir-
ginia—an area generally considered to be unde-
formed. Although displacements are small (15 to 60
m), the structures markedly affect the present dis-
tribution and thickness of coastal plain strata.

Structure contour maps of Cretaceous and Pale-
ocene lithostratigraphic units show that the amount
of displacement on the structures increases down-
ward, indicative of recurrent movement. The major
deformation occurred in the Cretaceous and mid-
dle(?) Tertiary, but some movement in the latest
Tertiary or Quaternary is possible. A small (12 ¢cm)
offset in upland gravel overlying bedrock (so-called
“Fredericksburg” complex) contact has been ob-
served.

The structures, named the Stafford fault system,
extend for at least 56 km parallel to the Fall Line
and the northeast-trending reach of the Potomasac
estuary. This relationship supports the hypothesis
that the Fall Line and the major river deflections
along it have been tectonically influenced.

Antiformal folds in the northeastern Virginia Piedmont

Mapping by Louis Pavlides and K. E. Wier in the

Lake Anna West 7!'4-min quadrangle of Virginia
verified the presence of a large northeast-trending
antiformal zone (loc. 3). This antiformal terrane
occurs along strike to the southwest of a large anti-
form in the Salem Church quadrangle (Pavlides,
1976) that refolds an earlier synform. In the Lake
Anna West quadrangle, the antiformal folds are
confined to a terrane of interlayered biotite and
hornblende gneisses, amphibolites, foliate granitoid
rocks, and lesser amounts of mica schist. This ter-
rane is provisionally assigned to the undivided part
of the “Fredericksburg” complex (Pavlides, 1976)
and is in discordant contact on its northwestern side
with the Quantico Slate that is here a garnetiferous,
in part graphitic, mica schist that locally contains
kyanite. Whether this contact is an unconformity or
a fault has not been resolved by reconnaissance
mapping completed thusfar. Reconnaissance map-
ping of this contact northeastward, however, sug-
gested that it is folded by the antiformal folds
within the “Fredericksburg” complex seen in the
Lake Anna West quadrangle. The Quantico is also
folded by the same antiformal fold generation seen
in the Salem Church quadrangle (Pavlides, 1976).

Belair fault zone investigations

The Belair fault zone near Augusta, Ga. (loc. 4),
has been mapped for at least 21 km along strike and
consists of seven en-echelon reverse fault segments
having a total vertical displacement of 30 m. Along
the fault zone, phyllite of Precambrian Z age is
juxtaposed against Upper Cretaceous sediments by
reverse faults. Dissimilar crystalline rocks in contact
across the fault zone suggest major strike-slip move-
ment of Paleozoic age or older. The structural
configuration of overlying Tertiary sediments that
have been eroded away for the most part suggests
that they too have been deformed. Studies of the
Pleistocene to Holocene history of the fault zone
have been focused on three trenches that expose the
fault plane, overlying colluvium, a nearby peat bog,
and soil horizons developed in the surficial deposits.
D. C. Prowell, D. G. Herd, Juergen Reinhardt, W. L.
Newell, and E. M. Shoemaker reported that no off-
sets in the colluvium-Cretaceous sediment contact
were observed. Some severely oversteepened alluvial
beds within the colluvium on the down block of the
fault were noted but are not easily explained by fault
movement. Stratigraphic relationships of the sur-
ficial materials overlying the Tuscaloosa Formation
and the fault plane indicate that the fault movement
is greater than 2,000 years old and probably pre-
dates 25,000 years.
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Late tectonic uplift of Blue Ridge province

J. T. Hack, in compiling data for a study of the
Southeastern United States, found physiographic evi-
dence to support the concept that the high relief
and altitude of the Blue Ridge province must be the
result of some kind of tectonic uplift that probably
extended into post-Triassic time. The topography of
both the Blue Ridge province and the Piedmont
province is typically erosional and is almost entirely
in slope. Locally, it is closely adjusted to the re-
sistance of the rocks. On a broad regional scale, how-
ever, the two provinces do not conform to differences
in rock resistance. Southeast of Hendersonville,
N. C. (loc. 5), for example, the Blue Ridge Highland
extends southeastward 40 km into rock types char-
acteristic of the Piedmont. In northern North
Carolina and Virginia, typical Blue Ridge rock belts
extend out into the Piedmont (for example, the
Lynchburg Gneiss and the so-called “Blue Ridge”
complex).

Both the Blue Ridge and Piedmont provinces con-
tain extensive areas of deep saprolite, but, in the
Blue Ridge, saprolite is spotty and confined mostly
to areas of low or moderate relief, as exemplified
by the Asheville Basin. In the Piedmont, the sapro-
lite probably covers more than 90 percent of the area
and averages between 15 and 18 m thick. Thickness
correlates with rock type as well as with slope and
relief. Within the area studied, it has been shown
that either latitude or altitude is directly related to
thickness.

The mean topographic relief of 100-km? areas is
generally between 30 and 60 m in the Piedmont. In
the Blue Ridge, it ranges from about 60 to over 600
m.

The great differences between the terranes of
these two physiographic regions and the similarities
in their geology are evidence of the uplift of one and
the relative stability of the other.

Stratigraphic correlation in Atlantic Coastal Plain

The Round Bay 714-min quadrangle of Maryland
(loc. 6) lies near the southern end of the strike
transition zone between the clearly delineated out-
cropping lithologic units of Late Cretaceous and
early Tertiary age in the northern part of the At-
lantic Coastal Plain in New Jersey and the fewer
and less clearly delineated lithologic units in south-
ern Maryland. According to J. P. Minard, this area
is farther southwest than any other area in which
the Marshalltown and Englishtown Formations are
known to crop out. They are represented by thin to
feather-edge beds. The Marshalltown crops out con-

tinuously and is uniform in its approximate thick-
ness of 1 m, which is to be expected of a probable
middle shelf deposit. The Englishtown, however, is
present only as thin, irregular remnants, as would
be expected of an irregular nearshore beach-lagoonal
deposit.

Greenstone conglomerate of the Cuipeper Basin in Virginia

A greenstone conglomerate sequence in the Bull
Run Formation in the Culpeper Triassic-Jurassic(?)
Basin was recognized and mapped from a well-ex-
posed profile of Culpeper City in Culpeper County,
Virginia (loc. 7), by K. Y. Lee. This sequence con-
sists of (1) subangular to angular fragments of
metamorphosed, green to greenish-gray, epidotized,
feldspathic, arenaceous rocks; (2) volcanic rocks;
and (3) basic intrusive rocks containing some lo-
cally abundant, light-gray to gray and pink, meta-
morphosed arenaceous rocks, vein quartz, and
schist. The unit ranges in thickness from 35 to 1,100
m. It lies above the principal mass of the third
basaltic flow and intertongues with the Bull Run
sandstone facies and the Balls Bluff Siltstone. The
unit consists of several coalescing fans and occurs
along the eastern front of the Bull Run Mountains
and the southern border of the basin.

Precambrian inlier in the Culpeper Basin of Virginia

An inlier of Precambrian metamorphosed green-
stone and feldspathic arenaceous rocks has been dis-
covered in the east-central part of the Culpeper East
714-min quadrangle in Culpeper County, Virginia
(loc. 7). These rocks had formerly been mapped as
Triassic sandstones. They are unconformably over-
lain by greenstone, quartzite conglomerate, and
feldspathic sandstone of the Manassas Sandstone on
the west, south, and northwest and are cut by in-
trusive diabase sills on the northeast, east, and south-
east. K. Y. Lee believed that this inlier came into
existence during monoclinal tilting and synchro-
nous emplacement of diabase sills in the southern
portion of the Culpeper Basin.

Western border faults in the Culpeper Basin of Virginia

On the basis of detailed investigations, K. Y. Lee
felt that deposition of Triassic and Jurassic? sedi-
ments of the Newark Group, including thick wedges
of coarse clastics, in the trough-shaped Culpeper
Basin of Virginia (loc. 7) was controlled by uplift-
ing of adjacent uplands and downwarping in the
basin. Deposition of alluvial fans of the Bull Run
Formation along the western border of the basin
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resulted from uplifting of adjacent uplands and
synchronous subsidence in the basin along a series
of normal faults. These faults occurred from the
western side of the Frederick Valley in Frederick
County, Maryland, south to the northern bank of the
Robinson River in the Rapidan 714-min quadrangle
in Culpeper County, Virginia. Movement along
these faults ceased at the close of Bull Run time, as
a sequence of fine to medium sandstones in the up-
permost part of the Bull Run indicates. Movement
recurred during late monoclinal tilting of the basin.
Maximum cumulative displacement along the east-
ern front of the Bull Run Mountains in Virginia is
estimated to be about 5,100 m.

Gold Hill-Silver Hill shear zone in the Lexington-Thomasville

area of North Carolina

Reconnaissance mapping done by J. D. Peper in
the northeastern corner of the Charlotte 2° quad-
rangle of North Carolina (loc. 8) suggested that the
Gold Hill-Silver Hill shear zone is truncated by a
medium-grained post-tectonic granite southwest of
High Point, N.C. The shear zone, in the southern
part of the Lexington East quadrangle, is a 3-km-
wide zone of steeply west dipping slip cleavage de-
veloped on the western (overturned) limb of the
Silver Valley syncline. Bedding in the slate-belt
rocks is transposed into the slip cleavage, and rare,
tight asymmetric folds between slip cleavages show
a west-over-east sense of movement, The size of
mica flakes along the cleavage planes increases from
east to west across the zone. To. the northeast, the
shear zone widens and splays into a northeast-trend-
ing fracture cleavage associated with the Silver Val-
ley syncline. Rhyolitic volcanic rocks and mudstones
of the Cid Formation are dragged into the shear zone
southwest of Thomasville. To the northeast, in the
High Point-Thomasville area, phyllites of the shear
zone form inclusions and roof pendants in a post-
tectonic granite.

Lithostratigraphy of the Oak Grove core

Juergen Reinhardt reported on a stratigraphic
test hole—the Oak Grove core—drilled near the
southern margin of the Salisbury Embayment on
the Northern Neck of Virginia about 45 km east of
the Fall Line (loc. 9). The top 24 m was not cored;
from 24 to 137.5 m, the core is composed of uncon-
solidated to partially cemented Tertiary sediments;
the remaining 262.5 m consists of unconsolidated
Lower Cretaceous sediments. No Upper Cretaceous
sediments are present in the core. The hole was
logged with gamma-gamma, gamma-ray, neutron,

and electrical probes. Subsurface control in adjacent
areas and lithologic and palynological data from this
core show penetration to be within 830 m of Trias-
sic(?) basement.

Stratigraphic units penetrated by the test hole
include (1) upland gravels, undivided (0-2,051 m) ;
(2) Calvert Formation (20.5-60 m) ; (3) Nanjemoy
Formation (60-96 m) ; (4) Marlboro Clay Member of
the Nanjemoy (96-102 m); (5) Aquia Formation
(102-137.5 m) ; and (6) Potomac Group, undivided
(137.5-400 m). General lithology and contact rela-
tionship are similar to those of the equivalent updip
lithostratigraphic units.

The Calvert Formation (Miocene) consists of in-
terbedded illite-vermiculite clays and bioturbated
quartz silts. The lower Tertiary bioturbated green-
sands and illitic clays (Aquia and Nanjemoy) are
separated by a massive, slightly burrowed kaolinitic
clay (Marlboro). The nature of the sediments, the
lack of primary sedimentary structure, and the
faunas indicate sedimentation on an open marine
shelf well below wave base.

The Lower Cretaceous sediments (Potomac
Group) are characterized by alternation of (1)
mottled, highly oxidized, and slickensided kaolinitic
and illitic clays, (2) laminated carbonaceous silt, and
(3) fine to coarse, poorly sorted feldspathic quartz
sand. The Lower Cretaceous section contains notable
amounts of cristobalite and clinoptilolite in many of
its fine-grained units. The overall fine-grained nature
of the Potomac Group sediments (Aptian and Albian
only in this core), sparse burrows(?) and root struc-
tures, and abundant laminated intervals suggest
deposition on an alluvial flood plain, probably close
to a delta platform.

A major fault system in the Eastern United States

Interpretation and field checking by D. G. Howell
(USGS) and R. D. Hatcher (Clemson University)
and associates of recent aeromagnetic data sug-
gested the existence of a closely associated series of
faults and splays extending from Alabama to Vir-
ginia, called the Eastern Piedmont fault system.
Characteristic magnetic anomalies were found to be
associated with known faults and were used to trace
them through covered intervals. The fault system
extends northeastward from the Goat Rock fault of
Alabama and west-central Georgia, crosses the lower
Piedmont of South Carolina, passes beneath a seg-
ment of the coastal plain in the Carolinas, flanks the
Raleigh belt in North Carolina, and continues into
Virginia. From east-central Georgia to Virginia,
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cataclastic rocks along the faults of the system are
bounded to the northwest and southeast by rocks
of the Carolina slate belt and form perhaps the most
extensive fault system in eastern North America.

New York-Alabama lineament discovered

A northeast-trending magnetic lineament 1,300
km long has been revealed by aeromagnetic mapping
in the Appalachian Basin. This lineament is especial-
ly well developed on the recently completed aero-
magnetic map of West Virginia and has well-defined
continuations along strike at least as far south as the
northeastern corner of Alabama and as far north
as the southern margin of the Adirondack uplift.
The magnetic patterns on either side of the linea-
ment indicate a profound contrast in the lithologies
of the crystalline basement rocks along a nearly
linear discontinuity, which may be a former plate
boundary. There is a good correlation with gravity
patterns that trend predominantly northeast in the
Appalachian Basin on the southeastern side of the
lineament, in contrast to the nearly north-trending
anomalies of the continental interior on the north-
western side. On the basis of gravity trends, the
lineament can be projected southwest across north-
ern Alabama and northeast into the Green Moun-
tains of Vermont. E. R. King and Isidore Zietz
named this major crustal feature the New York-
Alabama lineament. The lineament appears to mark
the southeastern edge of a stable crustal block that
controlled later deformation, the more intense Ap-
palachian folding and faulting being tangential to
it. Northeast-trending belts of recorded seismic
events outline this block on the southeast and also
along the northwest in a line connecting New Mad-
rid, Mo., and the St. Lawrence Valley.

CENTRAL REGION
KENTUCKY

Geologic mapping

A USGS-State of Kentucky cooperative project to
map all of Kentucky geologically has been in prog-
ress since 1960. The maps are printed on recent
editions of topographic base maps of quadrangles at
1:24,000 scale and published in the Geologic Quad-
rangle map series. By March 1, 1977, the project was
about 95 percent complete; 587 geologic maps had
been printed (fig. 1), another 66 had been approved
for publication, and an additional 14 were under-
going review. Fieldwork had been completed in the

remaining 42 quadrangles, and the maps were being
prepared for review.

The Middlesboro cryptoexplosion structure revisited

Mapping done in the Kayjay quadrangle (index
map, loc. 1) by C. L. Rice and E. K. Maughan and in
the Middlesboro North quadrangle by Englund, Roen,
and De Laney (1964) defined a faulted domal struc-
ture in southeastern Kentucky that is roughly the
same size as the nearby Middlesboro Basin, inter-
preted by Englund and Roen (1962) as an ancient
meteor-impact scar. The faulted dome is in Pennsyl-
vanian rocks of the Cumberland overthrust block
and crosses the border between the Kayjay and the
Middlesboro North quadrangles. The center of the
structure is about 6.5 km north-northwest of the
center of the Middlesboro Basin. Coal beds traced
across the structure indicate that the dome has a
radius of about 3.2 km and a structural relief of
about 180 m.
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Drill-hole records obtained in the area of the dome
show what appears to be an extraordinary thinning
of the Pennsylvanian rocks onto the structure; three
drill logs from the western flank show that a 240-m
section thins as much as 38 in 2.2 km. Since regional
thinning could not account for this large amount,
part of the doming may have occurred during depo-
sition of the Pennsylvanian rocks.

The movement along the Cumberland overthrust

' block was estimated by Englund (1968, 1971) to be
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in the Lake Superior region by P. K. Sims and G. B.
Morey (Minnesota Geological Survey) (1973) and
the subsequent delineation of the boundary between
the two terranes in Minnesota (Morey and Sims,
1976) and in northern Wisconsin and Michigan
(Sims, 1976a) provided a firm basis for regional
synthesis of the early tectonic evolution of this part
of the North American craton.

The boundary between the two basement terranes
(2,700-million-year-old ensimatic greenstone-granite
complexes on the north and 3,000- to 3,500-million-
yvear-old ensialic gneisses on the south) is inter-
preted as being an ancient suture that probably was
welded about 2,700 million years ago, when vast
quantities of granite were emplaced into the upper
crust. Subsequent to the joining of the two blocks
into a coherent continental mass, the tectonic be-
havior of the two basement terranes was different.
The contrast in tectonism was most apparent dur-
ing Precambrian X time, as published data on the
middle Precambrian rock successions indicate, but
probably persisted to a lesser degree into the Phan-
erozoic.

The Precambrian basin, which contains the great
iron-formations of the region and the volcanogenic
massive sulfide deposits recently discovered in
northern Wisconsin (Sims, 1976b), was developed
over and along the boundary between the two base-
ment terranes. In the northern part of the basin,
which is underlain by greenstone and granite com-
plexes, deposition took place in a stable shelf en-
vironment, and the metamorphism and deformation
that immediately followed were mild. In contrast,
in the southern part of the basin, which is under-
lain by basement gneisses, the stratigraphic succes-
sion records a complete transition from a stable
craton to a eugeosynclinal environment, and sub-
sequent metamorphism and deformation were in-
tense.

Studies of the basement rocks as well as of the
supracrustal rocks by Sims and Z. E. Peterman
(USGS) clearly indicated that the Precambrian W
basement gneisses were mobile during Precambrian
X time; the mobility of the gneisses is indicated by
strongly discordant ages obtained by different radio-
metric dating techniques and by high initial #’Sr/%Sr
ratios (Sims and Peterman, 1976) as well as by
obvious geologic features discernible in the field,
such as gneiss domes and relatively raised fault-
bounded gneiss blocks.- That the mobility of the
gneisses persisted, at least intermittently, into later
Precambrian time is indicated by numerous pub-

lished mineral ages in the range 1,650 to 1,300 mil-
lion years.

Subdivision of Hemlock Formation

Recently completed geologic mapping of the Ned
Lake 15-min quadrangle of Michigan (loc. 5) by
M. P. Foose revealed four local units within the
Hemlock Formation of Precambrian X age. The
lowest observed sequence is composed of amygda-
loidal and pillowed flows. These are successively
overlain by (1) a sequence of coarse, poorly sorted,
angular volcaniclastic rocks and (2) a second se-
quence of somewhat finer grained, better sorted, and
less angular volcaniclastic rocks. This upper vol-
caniclastic unit contains rare dolomitic marble and
slate interbeds. A second sequence of amygdaloidal
and pillowed basalts occurs at the top of the forma-
tion. Two distinctly different types of intrusions cut
the Hemlock: (1) Foliated magnetic amphibolites
that may represent intrusive equivalents of some
of the extrusive rocks and (2) lenses of massive,
equigranular gabbros, which carry some dis-
seminated pyrite and chalcopyrite and may correlate
with the Kiernan sills to the south. Abrupt thinning
of the Hemlock along strike suggests that the clastic
sequences were deposited near major volcanic cen-
ters.

ROCKY MOUNTAINS AND GREAT PLAINS

STRATIGRAPHIC STUDIES

Belt and pre-Belt rocks near the Idaho batholith

The high-grade, complexly deformed metamorphic
rocks on the northern side of the Idaho batholith
have been interpreted as metamorphosed rocks of
the Belt Supergroup by many geologists over the
past two decades. The lithologic trends of several
Belt formations points to a pre-Belt Precambrian
source terrane in the area of the high-grade rocks.
Scattered samples from some high-grade rocks have
given minimum ages of 1,500 million years, which
also suggest that pre-Belt rocks are present. But
how can one distinguish between high-grade Belt
rocks and pre-Belt rocks in the metamorphic com-
plex? Geologic mapping done in Shoshone County,
Idaho (index map, loc. 1), by J. E. Harrison in-
dicated that two groups of high-grade rocks occur,
at least in that area. The two groups have been tec-
tonically mixed by thrusting, and all contacts be--
tween them are tectonic. Both groups contain
abundant mica schist and biotite-quartz-plagioclase
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gneisses. However, the group that fits expected
facies changes and the stratigraphic sequence of Belt
rocks contains abundant quartzite or quartz-mica
gneiss and sparse interlayers of cale-silicate gneiss
and metadiorite, whereas the group that is probably
pre-Belt contains only sparse quartzite but abundant
amphibolite, anorthosite, migmatite, and porphyro-
blastic granitic gneisses.

The two-faced Sangre de Cristo Mountains of New Mexico

Recent detailed mapping and stratigraphic studies
conducted along the eastern front of the Sangre de
Cristo Mountains between Las Vegas and Mora,
N. Mex. (loc. 2), indicate that both the Precambrian
basement rocks and the overlying Pennsylvanian
sedimentary rocks differ considerably from Precam-
brian and Pennsylvanian rocks in the southern and
western parts of the range.

J. M. O’Neill recently subdivided the Precambrian
of the eastern area into four mappable rock units.
From structurally lowest to highest, they are:

® Quartz-feldspar-mica gneiss containing quartz-
rich zones.
® Interlayered quartz-muscovite schist and quartz-

and plagioclase-rich amphibolite containing
pegmatites.

® Laminated micaceous quartzite containing con-
cordant and discordant amphibolite.

e Complexly mixed quartz-feldspar gneiss, plagio-
clase amphibolite, metavolcanic(?) rocks, and
pink and gray granite gneiss.

None of these rocks contains the diagnostic lithologic
components such as (1) thick, gray, translucent
quartzite, (2) black, dense phyllite and slate, and
(3) quartz metaconglomerate that characterize the
Ortega Quartzite and Vadito Formation of Mont-
gomery (1953) in the Picuris and adjacent areas of
the western Sangre de Cristo Mountains. Therefore,
the structural and stratigraphic relationships of the
Precambrian rocks on the eastern and western sides
of the mountains are not yet determined.

E. H. Baltz reported that Pennsylvanian rocks in
the eastern frontal belt thicken greatly northward
from the vicinity of Las Vegas to Mora. At the
south, these rocks were deposited on an unstable
shelf ; at the north, they were deposited in the Rowe-
Mora zeugogeosynclinal basin. Mapping of the
folded and faulted structure of these rocks, aided by
fusulinid and megafossil age determinations, dem-
onstrated that the Sandia Formation and the lower
and upper member of the Madera Formation of the
shelf can be traced northward through complex
changes of facies into the basinal sequence, which
may be as much as 1,830 m thick near Mora. The
time-related facies framework that is being deter-
mined is expected to provide new insight into the
paleogeography and facies distribution of Pennsyl-
vanian rocks in the subsurface of the Raton basin
east of the Sangre de Cristo Mountains.

Sawatch Quartzite outcrop area extended southward in

Colorade

J. C. Olson’s discovery of four previously unre-
ported outcrops of Sawatch Quartzite of Late Cam-
brian age extended the known distribution of that
formation in the Sawatch Range of southeastern-
most Gunnison County, Colorado, southward as far
as Lime Ridge in the Pahlone Peak quadrangle (loc.
3), 10.4 km south of the southernmost previously
known outcrop. Poorly exposed remnants of Saw-
atch Quartzite up to 400 m long and several meters
thick occur in secs. 24 and 36, T. 49 N, R. 5 E., and
in sec. 31, T. 49 N,, R. 6 E., where small patches of
the quartzite are preserved on the downthrown side
of faults; the southernmost known exposure of
Sawatch Quartzite, about 1 m thick, is at the base of
the Manitou Dolomite (Ordovician) for a distance
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of 1 km east of peak 11,636 in the center of the Pah-
lone Peak quadrangle.

Newly recognized Mississippian rocks in central Idaho

An unnamed slope-forming unit, about 100 m
thick and consisting of thin-bedded silty to sandy
limestone and some gray mudstone and shale, was
differentiated in the southern Lemhi Range of Idaho
(loc. 4) by B. A. Skipp and M. H. Hait above the
cliffi-forming limestone of the Surrett Canyon
Formation (Upper Mississippian) and below ridge-
forming fine-grained yellow-brown-weathering sand-
stone assigned to the Lower Pennsylvanian(?)
Series. On the basis of present fossil information,
W. J. Sando assigned the new unit to the uppermost
Mississippian System. Stratigraphic sections of this
unit, measured in the southern Pioneer Mountains,
the southern Lost River Range, and the southern
Lemhi Range and in a thrust block in the southern
Beaverhead Mountains, show that black shale and
fine-grained sandstone and siltstone increase in
volume to the east. Limestone in the unit is mostly
silty and aphanitic; beds of bioclastic limestone are
more common in the western sections.

Phosphoria Formation discovered in Lemhi Range of Idaho

Mapping done by B. A. Skipp and M. H. Hait in
the Tyler Peak quadrangle in the southern Lemhi
Range of eastern Butte County, Idaho (loc. 4), dis-
closed the presence of heretofore unrecognized beds
of the Phosphoria Formation (Permian). The Phos-
phoria is preserved in a large north-trending graben
in the center of an anticlinal structure on the east-
ern flank of the range. The Rex Chert Member of
the Phosphoria concordantly overlies Permian dolo-
mite and sandstone. No rocks of Triassic age have
yet been recognized in this area.

Depositional environments of the Eagle Sandstone in Montana

On the basis of studies of the Eagle Sandstone
(Upper Cretaceous) and associated strata where
they crop out along the Missouri River and its tribu-
taries between the town of Virgelle and the mouth of
the Judith River (loc. 5) in Chouteau County, Mon-
tana, D. D. Rice interpreted the depositional envi-
ronments represented by these beds, some of which
contain shallow accumulations of natural gas.

The Telegraph Creek Formation, underlying the
Eagle, accumulated in an offshore transition environ-
ment and grades upward into the shoreface, fore-
shore, and eolian sandstones of the Virgelle
Sandstone Member, the basal member of the Eagle.

The Virgelle was deposited along an eastward-pro-
grading shoreline and ranges in thickness from 24 to
40 m. The middle member of the Eagle represents
coastal plain deposition. In the eastern part of the
area, the upper part of this member contains a mas-
sive, sheetlike, delta-front sandstone capped by a
thin delta-plain unit, which indicates a second pro-
gradation during Eagle time. The upper member of
the Eagle is a transgressive, delta-destructional
sandstone, which marks the beginning of the exten-
sive transgression recorded by the marine shale of
the overlying Claggett Formation. In the eastern
part of the area, this upper sandstone has the at-
tributes of a shoreface deposit and, in the western
part, was deposited on a broad tidal flat. Chert peb-
bles in the upper member and in the basal Claggett
are a lag deposit derived from erosion of channels
on the delta plain during the transgression. The com-
bined thickness of the middle and upper members of
the Eagle is as much as 55 m.

Natural gas in the Eagle Sandstone in surround-
ing areas is of biogenic origin and probably was
generated in Late Cretaceous time. Although gravity
faults, which were formed after the gas was gen-
erated, are the primary trapping mechanisms today,
the initial control was stratigraphic, and an under-
standing of depositional environments thus is im-
portant. The depositional units recognized in outcrop
can be identified in nearby wells; when these identi-
fications are combined with other subsurface data,
they can help guide exploration.

Zircons date gravels and flows in Park Range of Colorado

The distribution, origin, and temporal relation-
ships of Tertiary alluvial conglomerates and over-
lying lavas at Rabbit Ears Peak and Rabbit Ears
Pass in southwesternmost Jackson County, Colorado
(loc. 6), have been clarified. The prevolcanic con-
glomerates were believed to be continuous with con-
glomerates of Eocene and Paleocene age east of
Rabbit Ears Peak. New Zircon fission-track dates
obtained by C. W. Naeser now show that some of the
upper conglomerates and the overlying flows at
Rabbit Ears are early Miocene in age. G. L. Snyder
mapped intermediate conglomerates, not yet directly
dated in this area, and concluded from their dis-
tribution that they are alluvial gravels, although
some were previously mapped as glacial till(?). One
linear body 11.25 km long, 400 m wide, and 50 to
100 m thick along an old abandoned course of Serv-
ice Creek is especially convincing as an alluvial
gravel.
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Volcanic ash localities in eastern Big Horn Basin of Wyoming

Beds of volcanic ash were found by M. E. Cooley
at three localities along the eastern margin of the
Bighorn Basin south of Ten Sleep in Washakie
County, Wyoming (loc. 7). The deposits occur in a
conspicuous strike valley eroded in the Chugwater
(Triassic) and Goose Egg (Triassic and Permian)
Formations, which display solution-collapse features
resulting from partial solution of gypsum beds in
the Goose Egg Formation. Ash in sec. 20, T. 43 N,,
R. 87 W. is 1.2 m thick and occurs 3 m above Box
Elder Creek. It is interbedded with silty sand and
silt that form part of a terraced deposit extending
from creek level to about 22 m above the creek. Ash
in sec. 23, T. 46 N., R. 87 W, is less than 1 m thick,
overlies a cemented gravel at least 24 m thick, and
is about 30 m above Spring Creek. Ash in sec. 26,
T. 46 N., R. 87 W,, is 3 to 4 m thick and underlies
gravel 4 m thick that caps a terrace about 45 m
above Spring Creek. The ash in sec. 26, T. 46 N.,
R. 87 W., is coarse grained, whereas the other two
ash deposits are fine grained. K. L. Pierce suggested
that the coarse-grained ash might be a product of
the last major “Pearlette” eruption in Yellowstone
National Park and that the fine-grained ash might
be younger.

IGNEOUS STUDIES

Layered sequence in the Stillwater Complex of Montana

The banded and upper zones of the Stillwater
Complex (Precambrian W) in the vicinity of Con-
tact Mountain in Sweetgrass County, Montana (loc.
8), were divided by Kenneth Segerstrom and R. R.
Carlson into 10 mappable units, which can be traced
along their strike for at least 13 km. The composite
section of units in ascending order is:

1. Plagioclase-bronzite cumulate (660 m).

2. Plagioclase-two-pyroxene cumulate (325 m).

3. Plagioclase cumulate (560 m).

4. Mixed zone of plagioclase cumulates, plagio-
clase-olivine cumulates, and plagioclase-bron-
zite cumulates (330 m).

5. Predominantly plagioclase-two-pyroxene cumu-
late (330 m).

6. A group of three units of predominantly plagio-
clase cumulate, each overlain by plagioclase-
olvine and plagioclase-bronzite cumulates
(0-295 m).

7. Plagioclase cumulate (650 m).

8. Mixed zone of predominantly plagioclase-olivine
cumulate in the lower part and plagioclase-
bronzite cumulate in the upper part (60-150
m).

9. Plagioclase-two-pyroxene cumulate with minor
plagioclase cumulate at the base (50-330 m).
10. Plagioclase cumulate (exposed thickness of
250—650 m).
Many lithologic changes occur laterally along indi-
vidual layers, especially in units 4, 5, and 8, but the
10 units are clearly recognized in areas mapped east
of the Boulder River. Unit 6 was not found west of
the river.

Two intrusive centers near Cooke City, Montana

Petrographic, geochronologic, and chemical
studies conducted by J. E. Elliott on intrusive rocks
in the Cooke City area of Montana (loc. 9) defined
two separate intrusive centers that differ in age,
composition alteration, and mineral deposits. Earlier
work done by Lovering (1930) suggested that both
centers were related in age to each other and to the
Absaroka volcanic province. It is now evident that
only the southern center is related to the Eocene
volcanic rocks of the surrounding region.

The northern center, at Goose Lake, is of Creta-
ceous age and includes a stock that ranges in com-
position from syenite to quartz monzonite and dikes
and sills of quartz-latite and rhyodacite porphyries.
The average composition of the center is probably
monzonitic. Late magmatic or postmagmatic hydro-
thermal activity of Cretaceous age resulted in inten-
sive potassium-feldspar alteration associated with
stockwork and disseminated copper mineralization
in the center of the exposed portion of the stock.
Other metals occur only in minor amounts.

To the south, the main Cooke City center includes
intrusive rocks that range in age from about 55 to
40 million years (Paleocene to Eocene) and in com-
position from diorite or monzodiorite to quartz
monzonite. The average composition is probably
granodioritic. The oldest rocks are diorite and
trachyandesite porphyry, and the youngest are
rhyodacite and quartz-latite porphyries. A central
zone of pyritic gold-copper and disseminated copper
deposits associated with the most intense sericitic
and (or) feldspathic alteration is fringed by a zone
of lead, zine, and (or) silver deposits with propylitic
alteration.

TECTONIC AND GEOPHYSICAL STUDIES

Tectonic style of southeastern Arizona extends into south-
western New Mexico

Mapping done by H. D. Drewes and C. H. Thor-
man in part of southwestern New Mexico (Pelon-
cillo, Pyramid, Cedar, Coyote, and Brockman
Ranges and other mountain ranges) substantiated
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the concept that the region (loc. 10) was compres-
sively deformed, like adjacent areas in Arizona, as
part of the Cordilleran orogenic belt during the
Laramide orogeny. Relicts of a pre-Laramide tec-
tonic history were found, but a substantial post-La-
ramide volcanic and tectonic history has nearly
obscured the earlier features.

The Rio Grande rift of New Mexico

L. E. Cordell interpreted compilations of regional
geophysical data as showing that the Rio Grande
rift of New Mexico (loc. 11) encompasses uplifts
of the southern Rocky Mountains and their southern
extensions as well as axial fault blocks. Gravity
gradients delineate major faults, which form a
gridded or en-echelon pattern over distances on the
order of tens of kilometers. Aeromagnetic data show
these faults to be alined with basement structural
grain—by inference, the rift faults of Neogene age
zigzag along preexisting basement cracks.

Disharmonic folds in Sublett Range of southeastern Idaho

R. L. Armstrong (University of British Colum-
bia) found the northern Sublett Range in Cassia
County, Idaho (loc. 12), to be a series north-north-
west-trending, gently south-southeast-plunging,
large upright to westward-overturned folds. The
folded strata, of Mississippian to Triassic age in a
conformable succession nearly 6 km thick, can be
readily correlated to the east with Mississippian to
Triassic strata in the adjacent Deep Creek and Black
Pine Ranges and beyond. There is no major tectonic
duplication of strata; in the large folds, disharmonic
style is evident from (1) crumpled layering in the
cores of large anticlines and (2) detachment, brec-
ciation, and local thrusting of competent units in
the cores of large synclines. Steep strike faults hav-
ing both normal and reverse displacements disrupt
the otherwise simple fold structure of the range.
Slaty cleavage in Mississippian black shale and
fracture cleavage in Pennsylvanian silty limestone
are the only metamorphic features observed. The
range was largely buried by Cenozoic ash flows and
tuffaceous sediments. It is now being exhumed by
fluviatile erosion in its central, higher parts, while
the competing process of loess deposition slowly
mantles fringing valleys and hills.

Décollement in western fold and thrust belt in southeastern
idaho
The structural style of the Oquirrh Formation
(Pennsylvanian and Permian) west and southwest
of Malad City, Idaho, (loc. 13), indicated to L. B.

Platt (Bryn Mawr College) that these strata have
been folded and thrust eastward an unknown dis-
tance on a surface within the Manning Canyon Shale
of Mississippian and Pennsylvanian age, the unit
immediately below the Oquirrh. The thickness of
the poorly exposed Manning Canyon Shale is diffi-
cut to determine but is reported to be from 80 to
300 m in the western part of the Idaho-Wyoming
thrust belt. Some of the variation is stratigraphic,
but some may be due to hitherto unrecognized struc-
tural complexity at this stratigraphic horizon.

Geophysical model of eastern Snake River Plain in Idaho

A two-dimensional model of the crust along a pro-
file across the eastern Snake River Plain in Idaho
(loc. 14) prepared by D. R. Mabey produced gravity,
magnetic, and topographic anomalies and was con-
sistent with the known geology. The gravity anom-
aly requires that the mass producing the broad high
over the plain be either deep under the plain or
more extensive than the plain. The anomaly cannot
be produced by basalt in the upper few kilometers
of the crust under the plain. The gravity and topo-
graphic anomalies could be produced by a thinning
of the crust under the plain, the result being sub-
sidence of the plain and the accumulation of up to
5 km of low-density Cenozoic sedimentary and vol-
canic rocks in the subsidence. The magnetic anom-
alies appear to reflect basalt in the near surface, the
basalt being more abundant in the central and
northern parts of the plain.

Structures beneath Snake River Plain in Idaho

According to B. A. Skipp (1976), the eastward
bulge of the Antler highland, defined by the present
zero Mississippian isopach, in the vicinity of the
Snake River Plain in Idaho (loc. 15) may be in part
the result of Paleozoic left-lateral offset along the
trans-Idaho discontinuity of Yates (1968) and
Cenozoic relative right-lateral offset along a zone
postulated to exist beneath the lavas of the Snake
River Plain to provide the separating mechanism
between major Basin and Range extension south of
the plain and relatively minor extension north of the
plain.

Lemhi Range ‘“‘detachment block’’ is a thrust plate

Two sections of the Jefferson Formation (Devo-
nian) measured by M. H. Hait, Jr. (USGS), and
R. D. Hoggan (Ricks College) in the southern
Lemhi Range of Idaho (loc. 16) indicated the thrust-
plate origin of a slab of rock 10 km wide originally
interpreted (Beuttner, 1972) as a gravity block
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detached from the Lemhi Range. Jefferson strata
are 90 m thick in the lower plate (the main Lemhi
Range) and 420 m thick in the upper plate. The
thrust plate contains a nearly complete, highly
folded, Paleozoic section, and its relation to under-
lying rocks and structures suggests that it moved
at least 10 km from the west and crosscut two ear-
lier thrust faults.

Cenozoic tectonics in west-central Montana

In west-central Montana (loc. 18), a series of
high-angle faults of late Cenozoic age splays south-
east and south from the eastern terminus of the
Lewis and Clark line—a zone of vertical tectonic
movement. These faults bound grabens such as the
Helena, Townsend, and Smith River valleys and, to-
gether with faults within the valleys, delineate
rhomboid-shaped blocks. M. W. Reynolds interpreted
this tectonic pattern as resulting from pull-apart of
the crustal block on the southern side of the Lewis
and Clark line as that block extends westward rela-
tive to the crustal block north of the line. The limit
of hot-spring activity in west-central Montana coin-
cides with the limit of Cenozoic faulting; together,
these limits define the northeastern extent of the
Cordilleran thermotectonic anomaly of Eaton and
others (1976).

The Sapphire thrust belt of western Montana

The northern part of western Montana’s Sapphire
thrust belt (loc. 19), studied by M. R. Klepper and
C. A. Wallace, is characterized by a complex zone
of imbricate thrusts that is about 30 km wide and
trends southeastward at about 110° azimuth from
Missoula to Drummond, Mont. The Blackfoot fault
mapped by Nelson and Dobell (1961) appears to be
the northernmost thrust-fault zone of the Sapphire
tectonic block eastward along the crest of the Gar-
net Range. It has been mapped from north of
Bonner Mountain through the Garnet mining dis-
trict to north of Drummond.

In detail, this northernmost thrust zone is com-
posed of numerous anastomosing fault strands that
produced an intricate imbricating pattern in Pre-
cambrian and Paleozoic sedimentary rocks. Clastic
sedimentary rocks are extensively shattered along
thrust faults, fault breccias are generally incoherent,
and tight isoclinal folds are generally absent. These
features suggest either that there was little confin-
ing pressure during thrusting or that there was
little lubrication along fracture zones during move-
ment. Facies relationships among Paleozoic and the
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upper part of Missoula Group (Precambrian) rocks
suggest that thrust separation distances between
individual strands were probably less than 10 km
and were more likely 2 to 5 km.

Because thrusting seems to have disrupted rocks
that were previously folded and faulted, younger
rocks must have been thrust over older rocks in
many small thrust plates.

Fault connections in southwestern Montana

On the basis of knowledge gained in the Pioneer
Mountains of southwestern Montana (Vipond Park
quadrangle) (loc. 20), E-an Zen reinterpreted seg-
ments of thrust or high-angle reverse faults pre-
viously mapped in adjacent areas. Zen used the
criterion that only Beltian sediments and postfault
rocks (batholithic, volecanic, and Tertiary sedimen-
tary) occur on the upper plates, whereas, in the
lower plates, upper Precambrian through Mesozoic
sedimentary rocks are similar in sequence and facies
at most places; he was thus able to connect the
Kelly thrust of Myers (1952) in the Argenta min-
ing area across the postfault Pioneer batholith with
the high-angle reverse Fourth of July fault (Cal-
beck, 1975) and then with the Johnson thrust of
Fraser and Waldrop (1972). A major loop of the
Johnson thrust along the alluvium-filled Big Hole
Valley could be a left-lateral offset along a concealed
later fault. From Big Hole Valley, the fault trace
extends toward the eastern flank of the Anaconda
Range and could be related to an east-west fault
mapped there by Noel (1956). These faults are
similar to those of the Philipsburg and Georgetown
thrusts of the Philipsburg Folio (Emmons and Cal-
kins, 1913), but their connection, if any, is unclear.
The minimum age of the fault is given by a 75-mil-
lion-year K-Ar age obtained on biotite from a pluton
that cuts the fault in the Johnson segment; a pos-
sible minimum age based on poorly preserved plant
remains (Myers, 1952) is Judith River, in the 73- to
80-million-year range. A klippe of Beltian rocks in
the Vipond Park quadrangle is probably an erosional
remnant of the fault system; field evidence suggests
that the fault broached the surface and that upper-
plate rocks were formerly more extensive in the
quadrangle even in late Tertiary or early Quater-
nary time. If the fault system in the Pioneer Range
is indeed genetically related to the Philipsburg
thrust, the implication is that the western Pioneer
Mountains are tectonically part of the Sapphire tec-
tonic block (Hyndman, Talbot, and Chase, 1975), a
rather intriguing possibility. How these faults are



REGIONAL GEOLOGIC INVESTIGATIONS

related to the major thrust system to the west, called
the Medicine Lodge thrust system (Ruppel, 1976), is
another topic that needs study.

Mount Belknap caldera in Tushar Mountains of Utah

The Mount Belknap caldera in the Tushar Moun-
tains of northwestern Piute County, Utah (loc. 21),
subsided about 18 million years ago in response to
the eruption of the highly silicic Joe Lott Tuff. Con-
currently, rhyolitic domes and flows were erupted
from a separate group of centers near the Sevier
River, 15 to 35 km to the east. The lower part of the
caldera contains a section of densely welded Joe Lott
Tuff at least several hundred meters thick that pos-
sibly accumulated in part during subsidence. The
remainder of the fill, aggregating nearly 1 km in
thickness, consists of huge domes and flows of rhyo-
lite and associated marginal talus and lahar brec-
cias, interspersed with local accumulations of welded
tuff identical to that found in the lower part of the
caldera fill. Minor local subsidence accompanied the
eruption of these flows, but it was no more than a
few tens of meters at the most. The large domes and
flows overtopped the caldera rim on the northwest-
ern and western sides and shed large quantities of
coarse debris into adjacent basins to become part of
the immediately succeeding Sevier River Formation.

BASIN AND RANGE REGION
MINERAL-RESOURCE STUDIES

Age of mineralization in the Rochester mining district of

northwestern Nevada

Rhyolitic volcanic rocks of the Koipato Group host
precious metal and dumortierite (aluminum sili-
cate) .deposits in the Rochester mining district of
Pershing County, Nevada (index map, loc. 1). The
Koipato Group (Lower Triassic) includes the Lime-
rick Greenstone, the (ascending) Rochester Rhyo-
lite, and the Weaver Rhyolite (McKee and Burk,
1972). Numerous dikes, sills, and stocks of rhyolite
porphyry and leucogranite intrude the Koipato vol-
canic pile. Lead-alpha ages of rhyolite porphyry
southwest of Unionville, Nev., reported by Wallace,
Tatlock, and Silberling (1960), are 230+40 and
290+45 million years. The rhyolite porphyry cuts
leucogranite, but locally the contacts are gradational,
the suggestion being that they were emplaced
coevally. The leucogranite cuts the Rochester Rhyo-
lite but does not intrude the uppermost formation
of the group, the Weaver Rhyolite.
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McKee and Burke (1972) reported a zircon fis-
sion-track age of 225 +30 million years on a welded
ash-flow tuff in the Rochester Rhyolite. The isotopic
age data indicate a Late Permian-Early Triassic age
for the Koipato Group (Geological Society of Lon-
don, 1964).

Johnson (1976) reported a biotite K-Ar age of
713 million years from the Rocky Canyon pluton,
a granodiorite to quartz monzonite body that in-
trudes Triassic strata overlying the Koipato Group
15 km north of Rochester.

At Rochester, the Rochester and Weaver Rhyo-
lites are host rocks for quartz veins that contain
silver, gold, and dumortierite. Dumortierite also
occurs in sericite-dumortierite-quartz-andalusite
schist developed by metasomatism of the Rochester
Rhyolite. Four K-Ar ages determined by M. L. Sil-
berman and Peter Vikre on muscovite intergrown
with sulfides in these quartz veins and on muscovite
from the schist are summarized below:

e Tate prospect (schist), 77.6+2.3 million years.

® Champion mine (sericite and dumortierite in
quartz vein), 73.7+2.2 million years.

e Looney mine (sericite in silver-quartz-sulfide
vein), 72.5+2.2 million years.

® Nevada Packard mine (sericite in silver-quartz-
sulfide vein), 78.8+2.4 million years.

According to Silberman and Vikre, stable isotope
data, stratigraphic reconstruction, fluid-inclusion
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data, and geochemistry strongly suggest that the
ores in the Rochester district formed considerably
later than Koipato volcanism. The absence of de-
formation or recrystallization in the vein system
supports this hypothesis and leads to the conclusion
that the dumortierite and precious-metal mineraliza-
tion occurred in the Late Cretaceous during a major
regional thermal event that may have coincided with
the intrusion of the Rocky Canyon pluton to the
north.

Precambrian thrusting and Tertiary lead-silver mineralization

near Mineral Mountain, Arizona

Recent geologic mapping done by W. J. Keith and
T. G. Theodore demonstrated that most of the Min-
eral Mountain 714-min quadrangle (loc. 2) of Ari-
zona is underlain by strongly lineated and foliated
schists and gneisses of the Pinal Schist of Precam-
brian X age. The penetrative linear and planar struc-
tures in the metamorphic rocks appear to reflect
development penecontemporaneous with a major
overthrust that juxtaposed two distinct metamor-
phic terranes some time during Precambrian X and
Y time. Diorite, inferred to be correlative with the
Madera Diorite of Precambrian X and Y age, does
not contain a metamorphic fabric similar to that
found in the enclosing schist and gneiss. In addition,
Tertiary volcanic rocks crop out prominently
throughout the eastern one-third of the quadrangle.
They consist of a thick sequence of water-laid tuffs
interbedded with and (or) intruded by extrusive
rhyolite and quartz-latite flows, dikes, plugs, and
sills and a few basalt flows. One of the rhyolitic in-
trusive masses is particularly interesting in that it
shows locally a high degree of vesiculation adjacent
to an important north-south lead-silver vein system.
Ovoid cavities in the rhyolite seldom exceed 3 mm in
length, although a few are as large as 15x10 em.
Vesiculation in the rhyolite may reflect rapid intru-
sion in a low-pressure environment coupled to an ex-
plosive rupturing of the partly crystalline rhyolite
and its overburden. Such rupturing may have caused
a significant pressure drop in the crystallizing rhyo-

lite and thereby released the volatiles necessary for |

vesiculation.

STRATIGRAPHIC AND STRUCTURAL STUDIES

Subsidence and thermal history of the Cordilleran miogeocline

In the western part of the upper Precambrian
and lower Paleozoic Cordilleran miogeocline in the
Western United States, the thickness of strata that

accumulated per unit of time is apparently greatest
in the older rocks and decreases gradually in the
younger rocks, according to J. H. Stewart. The sedi-
ments were deposited primarily in shallow marine
water, an indication that accumulation is due to
subsidence rather than to infilling of an initially
deep basin. The rate of accumulation, and thus the
rate of subsidence, declines exponentially with a
time constant of about 50 million years, an amount
similar to subsidence owing to thermal contraction
of the lithosphere in oceanic systems and to ob-
served subsidence rates of the Atlantic and Gulf
coasts of the United States between Cretaceous and
Holocene time. As Sleep (1971) and Sleep and Snell
(1976) outlined, subsidence along an Atlantic-type
margin should be similar to subsidence in oceanie
crust as it spreads away from a midocean ridge. In
both cases, the initial thermal event is related to a
spreading center. The exponential rate of subsidence
in the Cordilleran miogeocline suggests a similar
history of thermal contraction following some type
of heating event, perhaps related to fragmentation
and reshaping of the western margin of the United
States by rifting in the late Precambrian.

Crdovician rock temperatures in the Great Basin

A conodont-color-alteration isograd, map for Or-
dovician carbonate rocks in part of the Great Basin
was compiled by A. G. Harris, using the tech-
nique developed by Epstein, Epstein, and Harris
(1977). This map, based on USGS collections from
about 100 localities scattered throughout southern
Idaho, eastern California, Nevada, and western
Utah, shows that (1) Ordovician rocks west of long
116°30” W. generally have been heated above 250°C;
(2) most Ordovician rocks east of long 115°00” W.
have reached maximum temperatures of 100° to
250°C; and (3) most Ordovician rocks in the area
between lat 37°30°—42°00” N. and long 115°00'-
116°30° W. generally have been no hotter than
100°C, with the exception of some Ordovician rocks
that were heated to higher temperatures because of
their proximity to post-Paleozoic igneous activity.

Aeromagnetic maps of Nevada

The entire State of Nevada, except for a restricted
area near the Nevada Test Site in south-central
Nevada, is now covered by USGS 1:62,500-, 1:125,-
000-, or 1:250,000-scale aeromagnetic maps. An
aeromagnetic map of Nevada is being prepared for
publication. A smaller scale version of the Nevada
map was published by J. H. Stewart, W. J. Moore,
and Isidore Zietz (1977). These maps have been



REGIONAL GEOLOGIC INVESTIGATIONS 69

used in geologic mapping, in explorating for new
mineral deposits, and in delineating areas of geo-
thermal potential.

Secondary dolomite in Triassic limestones in northwestern
Nevada

Examination by D. H. Whitebread of the Prida
and Augusta Mountain Formations (Triassic) in the
Dun Glen quadrangle in the East Range of Per-
shing County, Nevada (loc. 3), revealed a large
variation in the amount of secondary dolomite in
these formations. At the type locality of the Prida
Formation, both formations are composed of lime-
stone, but about 4 km south, near Natchez Pass, the
Augusta Mountain Formation is almost completely
dolomitized. In exposures 2 to 5 km farther south,
a zone of massive dolomite separates Prida lime-
stone from overlying dense laminated dolomite.
Whitebread believed that most of the massive dolo-
mite is of hydrothermal origin, whereas Nichols
(1974) ascribed its origin to solutions genetically
associated with overlying supratidal dolomite.

Interleaved thrust plates of diverse movement in northeastern

Nevada

R. R. Coats’ analysis of the distribution and di-
rection of movement of late Paleozoic and Mesozoic
thrusts in northern Elko County, Nevada (loc. 4),
and the ages of the rocks involved revealed that the
structural history of the area is more complicated
than previous investigators had recognized.

Previous reconstructions indicated that the upper
plate of the Roberts Mountains thrust, which con-
sists largely of eugeosynclinal siliceous-assemblage
rocks of early Paleozoic age and is regarded as a
product of the Antler orogeny (Mississippian to
Early Pennsylvanian), extended eastward in the
northern part of Elko County almost to long
115°00" W.

Mapping over the past 10 years has shown that
the siliceous facies, east of long 115°45” W., is tec-
tonically involved with Upper Mississippian, Penn-
sylvanian, and Permian rocks and was emplaced by
thrusting during later orogenies, including the Early
Triassic Sonoma orogeny and the middle-Mesozoic
Nevadan orogeny. The eugeosynclinal rocks and
some of the upper Paleozoic strata of the overlap
assemblage were moved, during orogenies subse-
quent to the Antler, in one of two different direc-
tions: (1) Southward or southeastward and (2)
eastward. It is hypothesized that the southward
movement is the result of two stages of horizontal
transport: First, lower Paleozoic eugeosynclinal

rocks and upper Paleozoic overlap-assemblage rocks
in southwestern Idaho were transported eastward,
the Idaho portion of the upper plate being separated
from the Nevada portion by a major east-trending
right-lateral strike-slip fault; second, parts of the
tectonically thickened pile of eugeosynclinal and
overlap-assemblage rocks slid southward into north-
eastern Nevada (Coats and Riva, 1976).

Low-angle faults in the Black Pine Mountains of southeastern

Idaho

Low-angle faults form the major structures in
the southern half of the Black Pine Mountains in
Cassia County, Idaho (loc. 5), where six formations
of Devonian to Permian age, recognized by J. F.
Smith, have only fault contacts. Younger strati-
graphic units are thrust over older units on all
faults except one where a Devonian unit is thrust
over Mississippian, Pennsylvanian, and Permian
strata. Upper Pennsylvanian and Lower Permian
calcareous siltstone and sandstone, which are prob-
ably part of the Oquirrh Group (upper Paleozoic),
make up the highest thrust sheet. Erosion of this
thrust sheet and successively lower sheets has
opened windows on the rocks below.

Stra:igr:'aphy and structure in the House Range of west-central
a

Geologic mapping done by L. F. Hintze (Brigham
Young University) showed that the Cambrian
stratigraphic section in the House Range in Millard
County, Utah (loc. 6), includes structural complex-
ities and stratigraph variations not heretofore rec-
ognized. Attenuation faulting has tectonically
thinned the stratigraphic sequence in Death Canyon,
the site of some of C. D. Walcott’s type sections.
Between Marjum Pass and Swasey Peak, uppermost
Middle Cambrian strata show rapid facies changes
that may represent the transition from a carbonate
bank to a shelf setting. The attenuation faulting,
newly recognized in the central House Range
(Hintze, 1976), seems to have localized alteration
and minor mineralization associated with nearby
Tertiary volcanism.

Tertiary thrusting near Manhattan, Nevada

A low-angle fault that places older volcanic rocks
above younger ones was mapped in the northern
part of the Manhattan quadrangle in Nye County,
Nevada (loc. 7), by D. R. Shawe. Rocks near the
base of a section of gently dipping volcanic rocks at
least 800 m thick have been moved on a fault sur-
face dipping 20° to 30° southeast, so that they rest
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on rocks about 250 m below the top of the volcanic
section. Geometric relationships between the fault
and the volcanic units suggest that several kilo-
meters of movement may have occurred on the gently
dipping fault. Mineralization has occurred locally
along the fault. Mineralization at Manhattan, 8 km
south of the fault, has been dated at 16 million years
before present (Silberman and others, 1975); if
mineralization along the low-angle fault correlates
with that at Manhattan, the faulting occurred ear-
lier than 16 million years ago; it was no older than
26 million years, the age of the younger volcanic
rocks (for example, Silberman and others, 1975).
Reconstruction of topography for the interval from
16 to 26 million years ago suggests that relief was
inadequate for movement on the low-angle fault to
be attributed to gravity sliding. The low-angle fault
may have formed as a result of local compression
related to right-lateral strike-slip faulting along
west-northwest-trending faults within the Walker
Lane structural zone, the northern edge of which
is near Manhattan.

Mississippian carbonate rocks in southwestern Nevada

Autochthonous marine limestone and dolomitized
limestone of Late Mississippian age was recognized
by F. G. Poole in Mineral and Esmeralda Counties,
Nevada (loc. 8). In the Candelaria Hills and the
Monte Cristo Range, the carbonate rocks rest with
angular unconformity on strongly deformed alloch-
thonous Ordovician eugeosynclinal rocks and are
overlain unconformably by autochthonous medial
Diablo Formation (Permian). The shallow subtidal
to intertidal carbonate rocks, which are as much as
180 m thick, were deposited on submerged parts of
the Antler orogenic belt. Previously, geologists con-
sidered this carbonate unit as part of the Diablo
Formation.

Major tectonic zone in the eastern Mojave Desert

The presence of a major tectonic belt trending
northwest through western Arizona and southeast-
ern California (loc. 9) is suggested by the distribu-
tion of Permian and Mesozoic rocks, according to
W. J. Carr and D. D. Dickey. The probable correla-
tion of a widespread quartzite in the Arica, River-
side, and Whipple Mountains of California and the
Buckskin Mountains of Arizona with the Permian
Queantoweap Sandstone of McNair (1951) of the
region east of Las Vegas, Nev., supports earlier
ideas that the northeastern edge of a major north-
west-trending structural zone exists in the River-
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side-Big Maria Mountains area of easternmost
California. This quartzite, previously correlated
with the Coconino Sandstone, appears to resemble
the “Queantoweap” more closely. Rocks on the south-
ern side of the Big Maria Mountains are more like
typical Supai, Coconino, and Kaibab Formations, as
are sections in the Plomosa and Harquahala Moun-
tains to the east and southeast. No Paleozoic rocks
are known to occur southwest of this structural
zone, and Mesozoic rocks (“Palen” and “McCoy”
Formations of local usage and Livingston Hills For-
mation) are apparently absent northeast of the
boundary. One attractive explanation for the dis-
tribution of Paleozoic rocks is that a zone of major
strike-slip displacement is present along the bound-
ary and roughly coincides with the southwestern
edge of the proposed Mojave-Sonoran belt (Carr
and Dickey, 1977), a structural zone characterized
by a major regional detachment fault.

Cenozoic structure, stratigraphy, and volcanism in
west-central Arizona

According to Ivo Lucchitta, the Bill Williams
River area in southern Mohave and northern Yuma
Counties, Arizona (loc. 10), is located near the
northeastern tectonic margin of a region (Mojave-
Sonoran belt of Carr and Dickey, (1977)) charac-
terized by Cenozoic terrigenous sedimentary rocks,
an assemblage of silicic and mafic voleanic rocks,
thrust faults, and closely spaced listric normal faults.
The principal sedimentary rocks comprise locally
derived arkosic conglomerate and sandstone and a
conspicuous monolithologic breccia. The breccia be-
comes thicker southward toward a thrust system
and apparently represents debris shed from the
leading edge of advancing thrust plates.

Voleanie rocks interfinger with sedimentary rocks
above the breccia. Three volcanic sequences com-
prise older mafic lavas, silicic rocks, and younger
mafic lavas. The older lavas are characterized by
quartz xenocrysts and are estimated to range in age
from more than 40 to about 20 million years. The
silicic rocks are chiefly rhyolite plugs, domes, lava
flows, and air-fall tuffs, probably about 20 million
years old, according to regional correlation. The
silicic vents lie along a N. 79° W.-trending line about
65 km long. The younger mafic lavas, which gen-
erally contain large phenocrysts of feldspar and
hornblende, probably belong to a widespread group
of mesa-forming lavas about 10 million years old.

Other parts of the area are underlain by Tertiary
and Quaternary alluvial deposits and by Quaternary
pediment and terrace deposits and other surficial
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material. These deposits reflect the present topog-
raphy.

Older sedimentary and voleanic rocks are faulted
and tilted to the southwest. The main episode of
high-angle faulting probably coincided with silicic
volcanism. The intricate deformation of the area
gives it a distinctive topographic appearance devoid
of prominent structural basins and ranges that are
common elsewhere—in marked contrast to the
north-trending ranges farther north and the group
of anomalous northeast-trending ranges imme-
diately south.

Permian rocks in the Harquahala Mountains of southwestern

Arizona

Probable stratigraphic equivalents of the Supai-
Coconing-Toroweap-Kaibab sequence of northwest-
ern Arizona were recognized by F. G. Poole, P. T.
Hayes, W.J. Carr, and D. D. Dickey in the southern
Harquahala Mountains of Yuma County, Arizona
(loc. 11). Although these beds of fossiliferous lime-
stone and sandstone, siltstone, and gypsum’ are
similar to several Permian facies in northern Ari-
zona, some differences in stratigraphic details pre-
vent precise correlation without further study. The
section in the Harquahala Mountains, together with
a similar section in the Plomosa Mountains (Miller,
1970) 50 km to the west, provides valuable control
points for a regional study of Permian sedimenta-
tion and stratigraphy in western Arizona.

IGNEOUS ROCKS

Tyrone laccolith in the Big Burro Mountains of New Mexico

D. C. Hedlund reported that the quartz monzonite
of the Tyrone laccolith is only one of a series of
structurally controlled rhyolitic and monzonitic in-
trusions of Tertiary age that are alined along a belt
trending N. 35°-40° W. in the eastern part of the
Big Burro Mountains in Grant County, New Mexico
(loc. 12). Other intrusions include the rhyolite of
Saddle Mountain, rhyolite plugs of the Tullock Peak
area, rhyolite of the Shrine mine, and the monzonite
porphyry of the Twin Peak stock. Several small
tonalite and tonalite porphyry intrusions of uncer-
tain age are also present along this belt. Analyses
of faults, joints, and dikes in the area indicate two
principal zones of structural weakness coincident
with the belt. The dominant zone strikes N. 60°-70°
E. and coincides in trend with rhyolite dike swarms.
A subordinate zone strikes N. 35°-40° W. and coin-
cides in trend with the belt of intrusive rock.
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The quartz monzonite of the Tyrone laccolith,
- dated as 53 million years old by Moorkath, Hurley,
and Fairbairn (1967), is believed to be a laccolithic
or sheetlike intrusion (Kolessar, 1970). The gently
dipping contact of a roof pendant of Precambrian
granite and the intrusion (NW1,NE1/ sec. 9, T. 20
S., R. 16 W.) suggests that the upper surface of the
intrusive rock is nearly flat. On the basis of drill-
hole data obtained in the northeastern part of the
intrusion, John Kolessar (written commun., 1976)
considered the intrusive rock to have a Precambrian
granite floor.

The nearby rhyolite of Saddle Mountain, which
appears to be a sheetlike intrusion in Precambrian
granite, dips about 30° ENE. Its configuration and
contact relation with the surrounding granite sug-
gest similarities to parts of the Tyrone intrusion.

Rhyolite plugs of the Tullock Peak area form out-
crops like “beads on a string” and represent bulbous
expansions of rhyolite dikes. The rhyolite dike
swarms (13-20/km) strike N. 69°-70° E.

Rhyolite of the Shrine mine probably represents
an extrusive dome whose outer margins mushroom
onto a Precambrian granitic floor. The rhyolite dome
is also along a line of rhyolite dike swarms that
strike N. 60°-70° E.

The monzonite porphyry of the Twin Peak stock
has not been studied but occurs along the same in-
trusive belt as the Tyrone laccolith. C. H. Hewitt
(1959) discovered a large Precambrian migmatite
pendant (?) within the Twin Peak intrusion, which
suggests that the body has a gently dipping upper
surface similar to that of the Tyrone intrusion.

Intrusive center in the Keg Mountains of west-central Utah

A quartz-monzonite porphyry stock was dis-
covered as a result of geologic mapping done by
H. T. Morris in the Keg Mountains of Juab County,
Utah (loc. 13). This stock is apparently the terminal
phase of an older (Oligocene) volcanic series and is
partly concealed by younger (Miocene and (or)
Pliocene) voleanic rocks. The intrusive body prob-
ably marks the eruptive center of the older volcanic
series and may indicate an area in the Keg Moun-
tains that has a good chance for containing con-
cealed ore deposits.

GEOCHRONOLOGIC STUDIES

Two isotopic ages were obtained on samples col-
lected by F. G. Poole from the type Mesquite Schist
. in the El Paso Mountains of Kern County, Cali-
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fornia (loc. 14). A muscovite K-Ar age of 168 million
years determined by R. F. Marvin apparently re-
cords thermal metamorphism related to Jurassic
plutonism, whereas whole-rock Rb-Sr dates deter-
mined by C. E. Hedge suggest an Ordovician age for
the original marine sediments. An Ordovician age
for the original Mesquite sediments corroborates
Poole’s regional correlation with lower Paleozoic
inner-arc-basin rocks. Previously, some geologists
considered the Mesquite Schist to be late Precam-
brian in age.

PACIFIC COAST REGION
CALIFORNIA

Mesozoic age of North Fork terrane in Klamath Mountains

Radiolaria were used for dating ancient oceanic
crust and time of plate convergence in the southern
Klamath Mountains of California (index map, loc.
1) by W. P. Irwin and D. L. Jones (USGS) and
E. A. Pessagno, Jr. (University of Texas, Dallas).
The North Fork terrane includes one of several
ophiolite belts in the province, along with associated
ribbon chert, siliceous tuff, other volcanic rocks, and

minor limestone. These rocks have been considered
Permian in age on the basis of fusulinids found in
the limestone. However, the North Fork terrane,
where it has been sampled along a transect near
the latitude of Hayfork, now has been found to be
mainly Mesozoic in age rather than Paleozoic. There
the chert and tuff yield abundant radiolaria that
indicate a range in age from Late Triassic(?) to
Middle Jurassic(?). Some of the tuff contains a
radiolarian fauna similar to the fauna found in some
Franciscan cherts. The pods of Permian limestone
may be exotic blocks derived from an older terrane.
On the basis of the age of the radiolaria and other
regional relations, the time of convergence of the
North Fork terrane with Devonian metamorphic
rocks to the east now is thought to have been Late
Jurassie. This research is in an early stage, but the
preliminary results clearly have far-reaching im-
plications for the paleotectonic history of the west-
ern California region.

Period of activity along the Melones fault in California

For many years, geologists have recognized that a
major tectonic feature in the western Sierra Nevada
of California (loc. 2) is a great system of regional
faults that extends over hundreds of kilometers.
One of the longest of these faults, the Melones, is
marked by tectonic mélange and numerous occur-
rences of alpine-type serpentinite and gabbro and
may be the suture line for an east-dipping subduc-
tion zone that juxtaposed volcanic and flysch rocks
of Jurassic age against a continental mass of rocks
of Paleozoic age and older. B. A. Morgan III com-
pleted mapping a section across the western Sierra
Nevada and investigated about 100 km of the
Melones fault between Sonora and Mariposa, Calif.
When detailed information on small intrusive rocks
in the area is used in conjunction with isotopic
dates (U-Pb on zircon obtained by T. W. Stern),
rather definite limits can be placed on the time of
activity of the Melones fault. East of Moccasin,
Calif., the Melones fault disrupts a small diorite
stock dated at 162 million years. Data from the
1,000-m-deep Eagle Shamut mine several kilometers
north of Moccasin suggest that the fault may disrupt
at depth a small diorite pluton dated at 148 million
years. Near Mariposa, rocks near and in the fault
zone that have been contact metamorphosed by the
igneous complex near Guadalupe to a hornfels ap-
parently have not been broken by the Melones fault.
A new zircon sample taken from the upper part of
this complex has been dated at 140 million years a
date very similar to one of 136 million years based
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on K-Ar in biotite. These dates bracket the time of
activity of the fault in the area as being between
162 and 140 million years a possible tighter bracket
would be 148 to 140 million years. This span of ac-
tivity is remarkably short and may account for only
a small part of the total time of deformation asso-
ciated with the Nevadan orogeny. Underthrusting
of the continent by an east-dipping subduction zone
probably continued after 140 million years ago, but
the site of thrusting and deformation may have
migrated westward to the Great Valley and ulti-
mately to the California Coast Ranges some 80 km
west of the Melones fault.

Mesozoic metavolcanic rocks of the Bean Canyon roof pendant
in southern Sierra Nevada

R. J. Fleck (USGS) and G. A. Davis (University
of Southern California) completed a study of the
geochronology and structure of a roof pendant in
the southernmost Sierra Nevada-northern Mojave
region at Bean Canyon, Calif. (loc. 3). Samples of
dacitic metavolcanic rocks dated by the Rb-Sr
method yield ages averaging about 150 million years.
Granitic rocks of the Sierra Nevada batholith im-
mediately north of the pendant dated by the K-Ar
method yield concordant biotite and hornblende
ages of about 81 million years (Evernden and
Kistler, 1970). Considered as a whole, the sample
set indicates either open-system behavior of rubi-
dium and (or) strontium or significant variation
(0.7079-0.7096) in initial **Str/~Sr ratios. Samples
collected from the same stratigraphic horizons ap-
pear to have been in isotopic equilibrium since Late
Jurassic time. The variation in initial ratio, how-
ever, permits the interpretation that the rocks were
originally comagmatic, formed more than 150 mil-
lion years ago, and were subjected to local meta-
morphic homogenization of strontium isotopic
systems at about 150 million years. The isotopic
systems have remained closed since that time, how-
ever, in most of the units, although the pendant suf-
fered significant contact metamorphism during the
81-million-year intrusive event. The metavolcanic
rocks and associated metasedimentary rocks are tec-
tonically interlayered with a thick ultramafic sheet,
probably by thrust faulting. Because the only geo-
logic event recorded in the rocks other than the
batholithic intrusion at 81 million years is the pre-
sumed overthrusting, the 150-million-year age must
represent either the time of volcanism or the time
of thrusting. Unfortunately, the data do not permit
a unique solution.

Chronology of Miocene volcanism in the Owishead Mountains

of California

Geologic mapping and K-Ar age studies conducted
by R. J. Fleck (USGS) and G. A. Davis (University
of Southern California) in the Owlshead Mountains
in the southwestern Death Valley area of California
(loc. 4) revealed a surprisingly condensed chronol-
ogy of Miocene volcanism, block faulting, erosion,
and gravity sliding. Miocene lahars, pyroclastic
rocks, and andesitic to basaltic lava flows were de-
posited between the Owl and Lost Lake playas on a
granitic basement that had more than 100 m of
relief. Basement rocks resemble the Teutonia Quartz
Monzonite of the northeastern Mojave Desert and
yield comparable K-Ar ages of biotite (95%X10°
years). Closely similar sequences of Miocene strata
are contained in three major sheetlike allochthons
that lie discordantly on one another, on their au-
tochthonous counterparts, and on the granitic base-
ment. The allochthons, interpreted as gravity-driven
slide sheets, cover a minimum area of 30 km? and
have minimum northeastward displacements of 10
km.

Well-exposed field relationships in the central
Owlshead Mountains support the following sequence
of events: (1) Accumulation of flow and volcanic-
lastic deposits with at least one intervening period
of tilting and erosion; (2) minor east-west block
faulting; (3) north-south block faulting, the fault
blocks being tilted west; (4) erosion; (5) gravity
sliding; (6) northeast-southwest high-angle fault-
ing; (7) erosion; (8) renewed gravity sliding; and
(9) hypabyssal intrusion across the base of slide
sheet. Potassium-argon age determinations of alloch-
thonous and autochthonous volcanic (1) and
hypabyssal (9) units show that this complex geo-
logic history was confined to a 2-million years period
between 12 and 14 million years ago. In contrast,
the period from 12 million years to the present has
seen tectonic stability and only minimal erosion of
the 12-million-year-old landscape.

New maijor thrust fauit in California Coast Ranges

E. H. Bailey, M. C. Blake, Jr.,, and R. J. Me-
Laughlin found evidence in regional structural rela-
tionships for a previously unrecognized east-dipping
thrust fault of regional extent west of Healdsburg,
Calif. (loc. 5). This thrust separates Upper Creta-
ceous and lower Tertiary rocks of the Franciscan
coastal belt from older Upper Jurassic and Upper
Cretaceous Franciscan rocks on the northeast. This
“Coastal Belt thrust” is structurally below the Coast
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Range thrust of Bailey, Blake, and Jones (1970),
although the two thrusts appear to converge toward
the west. Hypothetically, the Coastal Belt thrust
represents the early Tertiary stage of a west-step-
ping subduction zone that operated between Late
Jurassic and early Tertiary time.

Age relations.above and below Coast Range ophiolite

Investigations conducted by R. J. McLaughlin
(USGS) and E. A. Pessagno (University of Texas,
Dallas) in The Geysers-Clear Lake area of northern
California (loc. 8) showed that an Upper Jurassic
ophiolite and depositionally overlying Tithonian to
Valanginian strata of the Great Valley sequence rest
on deformed and metamorphosed Cenomanian rocks
of the Franciscan assemblage. These relations clearly
demonstrate the validity of the Coast Range thrust
and suggest that the Great Valley sequence was not
deposited on a tectonically active shelf of older
Franciscan rocks, as Maxwell (1974) had postu-
lated. Contact relations of the ophiolite and the
overlying Great Valley sequence in The Geysers-
Clear Lake area suggest that more than 305 m of
the ophiolite may have been eroded locally during
late Kimmeridgian to middle Tithonian time. How-
ever, other local differences in the ophiolite eannot
be explained by differential erosion and must be
due to original lateral differences in composition of
the ophiolite sheet, differential removal of ophiolite
units by shearing during subduction, or postsubduc-
tion faulting related to uplift.

A composite section of the ophiolite indicates the
following units in ascending order: (1) 1,212 m of
sheared ultramafic rocks; (2) 636 m of cumulate
gabbro; (3) 455 m of semiconcordant diabase
dikes; and (4) more than 455 m of pillow basalt,
tuff, pillow breccia, basalt-diabase breccia, and tuf-
faceous chert of late Kimmeridgian Age.

Lateral movement on San Gregorio fault

Regional geologic studies conducted by J. C. Clark
and E. E. Brabb indicated that the onshore trace of
the San Gregorio fault extends from coastal expo-
sures east of Afio Nuevo Point northwestward for
27 km to the coast near San Gregorio, Calif. (loc.
7). This fault has juxtaposed two major tectonic
blocks with markedly different stratigraphic se-
quences, the suggestion being that the fault has ex-
tensive lateral displacement.

In the Pigeon Point block southwest of the San
Gregorio fault, porphyritic silicic rocks may form
part of the basement; they are overlain by at least

2,600 m of clastic strata of Late Cretaceous age.
Cretaceous strata are not present in the La Honda
and Ben Lomond blocks northeast of the fault where
more than 10,000 m of Paleocene to Pliocene rocks
rests on a pre-Tertiary granitic basement. Paleocene
and Eocene rocks are not present in the Pigeon
Point block. Oligocene (Zemorrian) and middle
Miocene (Relizian and Luisian) strata occur in both
tectonic blocks, but they differ in lithology, fauna,
and bathymetry on opposite sides. A thick upper
Miocene to lower Pliocene mudstone section in the
La Honda and Ben Lomond blocks is missing west
of the fault.

Cordilleran miogeosyncline—an unlikely parent for Salinian

block metamorphic rocks

D. C. Ross's analysis of the preintrusive meta-
morphic rocks of the Salinian block (loc. 8) sug-
gested an original sedimentary section composed
dominantly of thinly bedded, fine- to medium-
grained siliceous clastic rocks in which coarse-
grained rocks and pure quartzite were quite rare.
Marble, although eye catching and locally abundant,
is nevertheless subordinate and mixed with other
lithologies when large blocks of basement are ex-
amined.

Tradition and word of mouth have long suggested
that the rocks of the Salinian block came from the
area of the Cordilleran miogeosyncline. Yet the
pure massive quartzites in the upper Precambrian
and lower Paleozoic, the thick pure carbonate units
throughout the section, and the coarse clastic rocks
in the overlap rocks of the upper Paleozoic in west-
ern Nevada and eastern California do not appear to
have counterparts in the Salinian block. Present
data therefore indicate that investigators must look
elsewhere for a parent terrane for the Salinian block

. metasedimentary rocks.

Late Cenozoic climatic history ot central California s

Work done by D. E. Marchand indicated that the
uppermost Tertiary and Quaternary nonmarine
deposits of the eastern San Joaquin Valley (loc. 9)
of California record a long history of cyclical deposi-
tion, land stability and soil formation, and erosional
incision. Present evidence suggests seven major
pre-Sangamon and eight post-Sangamon episodes of
terrace and alluvial fan aggradation, most, if not all,
of which can be related to climatic oscillations. The
alluvial-lacustrine sequence of the San Joaquin Val-
ley can be correlated, although not directly, with
glacial events in the adjacent Sierra Nevada and
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potentially with estuarine deposits in and beneath
the San Joaquin-Sacramento Delta and San Fran-
cisco Bay.

Surface mapping shows that the Laguna Forma-
tion contains upper Pliocene fluvial granitic sedi-
ment lithologically identical to that found in the
Pleistocene glaciogenic Turlock Lake, Riverbank,
and Modesto Formation of Davis and Hall (1958).
A strongly developed paleosol within the Laguna
indicates at least two periods of alluviation, possibly
correlative with the Deadman Pass and McGee
Glaciations of the Sierra Nevada and with lake beds
(K-Ar age, 2.3 million years) on the eastern side of
Owens Valley, Calif. The lower unit of Davis and
Hall’s Turlock Lake Formation, probably equivalent

to the Sherwin Glaciation of the Sierra Nevada, was

deposited during a paleomagnetically reversed epoch
that may include one normal (Jaramillo(?)) event.
The upper unit of the Turlock Lake, which is prob-
ably correlative with the Hobart Glaciation of the
northern Sierra Nevada and possibly with. the
Kansan Glaciation of the midcontinent region, con-
tains pumiceous ash having a K-Ar age of 0.6 mil-
lion years. Davis and Hall’s Riverbank Formation,
which is perhaps equivalent to the Illinoian of the
Midwest, represents three separate outwash events
that are found, on the basis of soil development, to
be substantially younger than their Turlock Lake
Formation but older than the Sangamon Inter-
glaciation. The Wisconsin is represented by up to
six phases of alluvial fan deposition (Davis and
Hall’s Modesto Formation), four of them in Tioga
(late Wisconsin) time. The brief episodes of late
Holocene aggradation are also recognized.

The stratigraphic sequence in the San Joaquin
Valley subsurface, preserved through continuous
valley subsidence throughout Cenozoic time, may
represent the most nearly complete Quaternary rec-
ord in western North America. Near the eastern
basin margin, alluvial units are separated by un-
conformities and buried paleosols. No major un-
conformities, however, have been recognized in the
1,000-m Quaternary sequence of reduced sediments
along the valley axis; deposition here is thus shown
to have been continuous or very nearly so, although
it varied markedly in rate. Radiometric ages dem-
onstrate the contemporaneity of basin lakes with
outwash fans and hence with climatic oscillations.
At least eight major lacustrine units have been
identified—five of them are 600,000 years and
younger, and three of them are older. The dated
pumice lies conformably on the Corcoran Clay Mem-

ber of the Tulare Formation (Davis and Hall’s Tur-
lock Lake), the thickest and most extensive of the
subsurface lacustrine deposits. The youngest lacus-
trine clay is bracketed by carbon-14 ages of about
9,000 and 27,000 years and may itself represent
three or more minor lake fluctuations.

The late Cenozoic nonmarine climatic record from
the San Joaquin Valley is thus unusually long and
complete; can be tied to a glacial record in a major
middle-latitude mountain range; shows potential for
correlation with a marine estuarine sequence; bears
a striking resemblance to long records from deep-
sea cores and other sources; and supports the hy-
pothesis of major climatic cycles of approximately
100,000 years.

Geotechnical data problems in Los Angeles

J. C. Tinsley found that, although a large quantity
of geologic and geotechnical data are available for
certain sectors of the Los Angeles Basin of Califor-
nia (loc. 10), their applicability often may be limited
severely because the data were collected during
specialized studies conducted at certain sites for
specific purposes. For example, vast amounts of
geotechnical data are available from shallow bore-
holes (depths generally less than 20 m) used to
collect samples for estimating foundation conditions
prior to design and construction of buildings. Such
data have limited application to the selection of
tunnel alinements, tunnel design criteria, and tunnel
boring conditions because tunnels in this area would
almost certainly be deeper than 20 m. Also, much
data relevant to tunneling conditions typically are
not collected during the geologic and geotechnical
studies performed for foundation investigations.

Dating deformational structures in sediments to determine
earthquake recurrence intervals

J. D. Sims examined outcrops of sediments of
ancient Lake Cahuilla in the Coachella Valley of
California (loc. 11). The upper 4 to 5 m of these
deposits represents the time between 300 and 200
vears before present. The deposits near Mecca,
Calif., reveal soft sediment deformational structures
similar to those found in other areas (Sims, 1975).
Further work may yield an earthquake history and
recurrence interval for the southern part of the
area of aseismic uplift described by Castle, Church,
and Elliott (1976).

Cores from Hidden Lake in Alaska contain about
4.5 m of olive-black, organic-rich sediments over-
lying >15 m of gray, rhythmically laminated
glaciolacustrine sediments. Glaciers retreated from
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the Hidden Lake area about 10,000 years before
present. Thus, the upper 4.5 m of this core repre-
sents most, if not all, of Holocene time. The lower
1.5 m of this core contains varved sediments similar
to those being deposited in the present-day Skilak
Lake nearby. The upper parts of cores from Hidden
Lake contain abundant ash beds and carbonaceous
material that will be used to correlate with and date
deformational structures in cores from Skilak Lake.

Offsets along Mojave Desert faults

Potassium-argon dating of granitic rocks in the
eastern Transverse Ranges and southern Mojave
Desert of California (loc. 12) done by D. M. Morton
and F. K. Miller indicated that such dating may
provide a precise quantitative estimate of offsets
along five major strike-slip faults in the Mojave
Desert. From east to west, the five subparallel north-
west-trending faults are the Helendale, the Lenwood,
the Camprock, the Calico-Mesquite, and the Pisgah.
The average length of the faults is about 756 km, and
all have exhibited historic seismicity or have very
youthful primary fault features developed along
them in young alluvial material.

All of the granitic rocks in the eastern Transverse
Ranges and the southernmost Mojave Desert yield
cooling ages that reflect the general cooling history
of the region and may approach the true emplace-
ment age for only a few of the youngest plutons.
Surrounding this zone of relatively uniform cooling
ages is a well-defined zone of discordant ages, out-
side of which the granitic rocks appear to yield
concordant K-Ar ages that are probably close to
emplacement ages. This well-defined zone of dis-
cordant ages is offset by the strike-slip faults on
the Mojave Desert. Preliminary results indicate that
the Helendale fault may offset the zone in a right-
lateral sense about 8 km, and the Lenwood fault off-
sets it about 15 km. Closely spaced samples collected
in the zone of discordance on both sides of all five
faults are being dated now and should provide rela-
tively precise measurements of offset across all the
faults.

Mafic plutonic rocks of two ages in Peninsular Ranges

batholith of California

V. R. Todd mapped two distinctive groups of
mafic plutonic rocks in the Peninsular Ranges batho-
lith of south-central San Diego County, California
(loc. 13). The first group consists of a variety of
gabbroic rocks that are correlated by most workers
with the San Marcos Gabbro (Cretaceous) of north-
ern San Diego County. These gabbroic rocks are

the oldest plutonic rocks in this part of the Penin-
sular Ranges batholith. They are cut by granitic
plutons that have divided them into a number of
large bodies (3 to 7 km across), most of which form
prominent peaks.

The mafic rocks of the second group, chiefly
quartz-bearing biotite-hornblende diorite with lesser
amounts of gabbro, are among the youngest plutons
in this part of the batholith. They are about half the
size of the older mafic bodies and for the most part
were emplaced along preexisting plutonic contacts.
A widespread system of metadiabase dikes is re-
lated to the younger mafic plutons.

Contacts between granitic plutons and mafic
plutonic rocks of both early and late suites are com-
plex, and age relations are locally ambiguous. Con-
tacts are typically synplutonic—that is, plutons have
been diked along their margins by the rocks into
which they were emplaced. Rock textures suggest
that mafic and granitic plutons were hot and mobile
simultaneously during batholithic emplacement.

Both suites of mafic rocks have tectonite fabrics
that are concordant with the regional synkinematic
fabric shared by all plutonic and metamorphic rocks
in this part of the batholith.

OREGON

Southwestern Oregon greenstone

M. G. Johnson’s study of greenstone in the north-
central part of the Medford 2° quadrangle of Oregon
(loc. 14) resulted in the recognition of two disparate
metavolcanic sequences containing seven distinctive
lithofacies that have lateral continuity of at least 27
km and provide a key to correlation in the Rogue
Formation to the south. The sequences were thrust
westward over the Dothan Formation and are them-
selves broken by a major thrust fault. The western
sequence, predominantly pyroxene-bearing pryo-
clastic rocks, is more mineralized in base metals than
the eastern sequence, which is predominantly horn-
blende-bearing tuffs and flows. The thrust fault that
separates the two sequences is mineralized, but the
highest concentration of anomalous base metals is in
a subsidiary thrust sheet in rocks of the westernmost
lithofacies. This block is also the host for the Silver
Peak massive sulfide deposit mined in the early part
of the century.

Complicated late Mesozoic paleogeography in southwestern
Oregon

Mapping done by M. C. Blake, Jr., in the southern
part of the Coos Bay 2° quadrangle of Oregon (loc.
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15) resulted in the recognition of four distinctive
fault-bounded terranes of late Mesozoic age. The
westernmost terrane is underlain by the Otter For-
mation (Upper Jurassic, Tithonian), which is
largely quartz-poor volecanic sandstone and subor-
dinate andesite. Overlying this unit, along a major
east-dipping thrust fault, are lithic graywacke and
shale plus abundant greenstone and chert of the
Dothan Formation (also containing Tithonian fos-
sils). To the east, these western Dothan rocks are in
high-angle fault contact with another Dothan unit
characterized largely by quartzofeldspathic gray-
wacke containing latest Jurassic (Tithonian) to
Early Cretaceous fossils. Structurally overlying the
eastern Dothan belt is a thrust sheet of sandstone,
mudstone, and conglomerate of the Myrtle Group,
which again contains fossils of latest Jurassic (Tith-
onian) to Early Cretaceous age. The Myrtle sedi-
ments appear to rest on a dismembered ophiolite
sequence, and serpentinized ultramafic rocks occur
as fault slices in the other three belts. No satis-
factory paleogeographic reconstruction has yet
emerged, but the Otter Point Formation appears to
be a good candidate for an island arec.

WASHINGTON

Tertiary tectonic framework in northwestern Olympic Peninsula

Detailed geologic mapping done in the northwest-
ernmost part of the Olympic Peninsula (loc. 16)
south of the Calawah fault in Washington by P. D.
Snavely, Jr., J. E. Pearl, and A. R. Niem indicated
that folded and thrust-faulted strata of late Eo-
cene and early Oligocene(?) age overlie a lower to
middle Eocene mélange “basement.” In most places,
the contact between the mélange and younger rocks
is faulted, but, in several places, upper Eocene strata
rest depositionally on the mélange.

The tectonic fabric of the mélange is commonly
near vertical and strikes northward, whereas the
younger beds have lower dips. The mélange appears
to consist of imbricate thrust slices that have been
rotated to near vertical by continuous compressive
stresses, which are interpreted as being related to
the eastward underthrusting of the Pacific (Faral-
lon) plate beneath the American plate. The orienta-
tion of drag folds in thin-bedded siltstone units be-
tween some thrust slices supports predominant east-
west compression and westward tectonic transport
of the landward-dipping thrusts in the autochtho-
nous plate.

The accretionary prism of imbricated lower to

middle Eocene sediments formed the basement upon
which outer-shelf sediments were deposited during
late Eocene to middle Miocene time. Renewed under-
thrusting in late middle Miocene time intensely de-
formed these strata and probably initiated diapirism
of the mélange.

Revision of Swauk stratigraphy and age

Mapping done in the Wenatchee 2° quadrangle of
Washington (loc. 17) by R. W. Tabor and V. A.
Frizzell detailed some important lower Tertiary
stratigraphy. In its type area, the Swauk Formation
consists of thin-bedded and crossbedded, dark-gray,
lithic and feldspathic sandstone, shale, and conglom-
erate. A mafic tuff interbed, probably a tongue of
Foster’s (1960) Silver Pass Volcanics has a zircon
fission-track age of 49+5 million years (C. W
Naeser, written commun., 1976).

West of the type area, folded sandstone of the
Swauk Formation and overlying but partly inter-
bedded Foster’s Silver Pass Volcanics are overlain
unconformably by Teanaway Basalt. Ages of zircons
from two tuffs in Foster’s Silver Pass Voleanics are
about 53+5 and 51+5 million years (J. A. Vance,
written commun., 1976). The Teanaway is succeeded
conformably by arkose of the Roslyn Formation.

East of the type area, the Swauk in general be-
comes more shaly upward, but includes tongues of
poorly sorted arkose of Roslyn aspect eastward and
in the uppermost part.

East of the Leavenworth fault and within the
Chiwaukum graben, the predominantly arkosic sand-
stone contains a tuff interbed that has been dated at
44x10% years. Correlation of this arkose with the
Roslyn is supported by a thin, conformable, nearly
basal layer of basalt breccia, probably an eastern
tongue of the Teanaway.

Tabular bodies of monolithologic granodiorite
breccia and conglomerate and serpentinite fanglom-
erate parallel faults marking the scuthern end of the
Leavenworth fault zone and indicate contempova-
neous deposition and uplift along the Leavenworth
fault during late Swauk and early Roslyn time.

Revision of lower Pleistocene glacial sequence in Wenatchee
and Yakima Valleys of Washington

Mapping done by R. B. Waitt, Jr., of Quaternary
deposits in the Wenatchee (loc. 17) and Yakima
(loc. 18) River Valleys changed the correlation of
the oldest glaciogenic units in each valley. In Yakima
Valley, the “Thorp till” now appears to be much
younger than the “Thorp outwash” of Porter
(1976) . In Wenatchee Valley, the “Chumstick” drift
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of Long and Porter (1968) and Porter (1969) is
spurious, Page (1939) having been essentially cor-
rect in the mapping of his “Peshastin” drift. The re-
vised, nonformalized rock-stratigraphic terminology
is:

Yakima Valley

“Lakedale” drift
(5 members).
“Kittitas” drift

Wenatchee Valley

“Leavenworth” drift
(5 members).
“Peshastin” drift

(2 members). (1 member).
“Lookout Mountain” drift “Boundary Butte” drift
(1 member). (1 member).

Faults along the Olympic-Wallowa lineament in south-central

Washington

Mapping done by D. A. Swanson and T. L. Wright
along the eastern extension of the Horse Heaven
Hills and in the Wallula Gap area of Washington
(loc. 19) revealed abundant evidence for west-north-
west-trending faults. These faults lie along and help
define the Olympic-Wallowa lineament, a contro-
versial topographic lineament that extends across
the entire State. The faults are recognized by offset
stratigraphy and linear belts of tectonic breccia.
Some workers have considered the breccia to be blow
breccia, but the breccias cut across stratigraphy and
thus must have a tectonic origin. Vertical offsets of
several tens of meters are common along the faults.
Aeromagnetic evidence is consistent with left-lateral
strike-slip displacement within the fault zone. Rec-
ognition of the Olympic-Wallowa lineament as at
least partially fault controlled reopens the question
of whether the lineament reflects a major through-
going strucure of regional significance.

ALASKA

Significant new scientific and economic geologic
information has been obtained from many field and
topical investigations conducted in Alaska during
the past year. Discussions of the findings are
grouped under seven subdivisions corresponding to
six major geographic regions and a general statewide
category. Outlines of the regions and locations of the
study areas are shown on the accompanying index
map of Alaska.

STATEWIDE

Alaska Mjneral Resource Assessment Program enters third
year with dual objectives

The year 1976 witnessed a surge of public and

private concern about the classification, allocation,
and development of Alaska’s vast lands and mineral

resources. In response to this concern, the Alaska
Mineral Resource Assessment Program (AMRAP),
administered by H. C. Berg, set two closely coordi-
nated and interdependent objectives designed specif-
ically to furnish information about Alaska’s lands.

One objective, based on a 1:250,000-scale (1° X 3°)
quadrangle format, is a systematic statewide assess-
ment of terranes having high economic mineral
potential. With current levels of staffing and fund-
ing the deadline for achieving this goal is 1984. The
other objective, based on a 1:1,000,000-scale map
format, is a synoptic mineral appraisal of the 33.8
% 10° ha that are proposed for classification as Na-
tional Interest (d-2) lands under the Alaska Native
Claims Settlement Act (ANCSA). The obective, in-
formally termed RAMRAP (Regional Alaska Min-
eral Resource Assessment Program), is scheduled
for completion by early 1978, about a year in ad-
vance of the December 1978 deadline for final con-
gressional action on ANCSA.

This multidisciplinary program is being carried
out mainly by geologists and subprofessionals in the
Alaskan Geology Branch in collaboration with spe-
cialists from other branches and subactivities in the
Geologic Division. In addition, several geoscientists
from the Alaska Division of Geological and Geo-
physical Surveys, the University of Alaska, and the
Bureau of Mines also are participants.

As of January 1, 1977, sytematic resource assess-
ments had been completed in eight 1°x3° quad-
rangles and were underway in five others. These
quadrangles aggregate approximately 14.8X10° ha,
3.3 % 10° ha of which have been proposed for National
Interest (d-2) lands. These systematic resource as-
sessments have resulted in the publication of more
than 36 topical research reports on the geology, geo-
chemistry, geophysics, and mineral resourses of
Alaska. In addition, new potential resources of mo-
lybdenum, chromite, gold, and tin have been discov-
ered in the Talkeetna quadrangle; significant in-
creases in the sizes of copper resouces have been
recognized in the Ketchikan and Talkeetna Moun-
tains quadrangle; and a potentially economic por-
phyry molybdenum deposit was discovered near
Burroughs Bay in the Ketchikan quadrangle. This
last deposit was staked by commercial interests in
1976.

Metamorphic facies map of Alaska

A metamorphic facies map of Alaska at a scale
of 1:2,5600,000 is planned as a contribution to a Map
of the Metamorphic Belts of the World (sponsored
by the Commission for the Geological Map of the
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World of the International Geological Congress and
the International Union of Geological Sciences) and
as a joint USGS-Alaska Division of Geological and
Geophysical Surveys publication. The map will show
metamorphic facies, facies groups, facies series,
selected isograds, and granitic rock bodies according
to the metamorphic facies map explanation sug-
gested by the International Union of Geological
Sciences (Zwart and others, 1967). D. A. Brew
reported that progress to date includes preliminary
compilation and review of regional metamorphic
facies maps at 1:1,000,000 scale for all of the State,
coding of background metamorphic mineral-locality
information, and beginning the final combination of
1:1,000,000-scale regional maps.

NORTHERN

Galena at Galena Creek

A brief inspection of rocks near Galena Creek in
the southeastern Brooks Range by W. P. Brosgé
(USGS) and James Barker (Bureau of Mines)
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showed that the creek is well named. Galena Creek
(index map, loc. 1) is on the southern flank of Bear
Mountain, an anticlinal dome of lower Paleozoic and
possibly older rocks that are intruded by small
bodies of rhyolite. Gray-green phyllite, phyllitic
sandstone and greenstone, and fine-grained quartz-
ite in the core of the dome are overlain by a thick
conglomerate of probable Devonian age that forms
most of the mountain. The rhyolite occurs mainly
in the older rocks, but one dike intrudes Devonian
conglomerate on the western flank of the mountain,
and another intrudes the overlying Mississippian
shale on the eastern flank. Reconnaissance mapping
and sampling done 10 years ago revealed anomalous
amounts of lead and zinc in the streams draining the
southern flank of Bear Mountain, as well as abund-
ant galena in quartz veins at the contacts of some
rhyolite dikes. Lead and zinc concentrations were
highest in Galena Creek and its two neighboring
streams, where as much as 500 ppm Pb and 380 ppm
Zn were found in sediments in the main valleys and
1,500 ppm Pb and 360 ppm Zn were found in sedi-
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ments from one small tributary. These streams drain
the core of the anticline where most of the rhyolite

southeastern part of the Sagavanirktok quadrangle
(loc. 2). The Echooka Formation, about 270 thick,

occurs and where it invades only the oldest rocks. | disconformably overlies Lisburne carbonate rocks
Because observations had been limited, it was | and is overlain by at least 360 m of the Ivishak For-

thought that mineralization was restricted to large
veins at the rhyolite contacts. However, a traverse
of one of the phyllitic sandstone ridges having a
longitudinal dike along its western face showed that
mineralization is pervasive in the country rock
across the ridge crest in a zone at least 200 wide and
750 long. Galena occurs in tiny veinlets, with or
without quartz along foliation and small fractures in
the fine-grained phyllitic sandstone and in the minor
amounts of intercalated greenstone. No galena was
found in the rhyolite, and no anomalous amounts of
lead have been found in the few analyses done on
other Bear Mountain rhyolites, so it is uncertain
whether the lead was introduced by the rhyolite or
was indigenous to the host rocks. However, the fact
that lead anomalies occur in gossan soil on the dike
in Devonian conglomerate on the western flank of
the dome and in soil on a fault zone within Devonian
conglomerate on the northern flank indicates that
the mineralization is younger than that of the lower
Paleozoic phyllite.

Carboniferous volcanic rocks in northeastern Alaska

Mafic volcanic and volcaniclastic rocks were dis-
covered on the northern flank of the northeastern
Brooks Range. Necessarily hasty field observations
indicated that the sequence overlies the Lisburne
Group and is Permian in age. These rocks, which
crop out on both the northern and southern sides of
the Ivishak River Valley in the southern corner of
the Sagavanirktok A-2 quadrangle (loc. 2), were
visited by W. P. Brosgé, R. L. Detterman, J. T.
Dutro, Jr., and H. N. Reiser.

The sequence includes flows, tuffs, coarse volcani-
clastic rocks, and tuffaceous limestone and is inter-
bedded with and overlain by Lisburne limestones.
Total thickness varies and is -stimated to be from
100 to 200 m. A single brachiopod collected from
tuffaceous limestone in the volcanic sequence appears
to be Late Mississippian in age and indicates that
the mafic voleanic rocks are definitely Carboniferous
and correlate with the Alapah Limestone.

New Permian to Triassic section in northeastern Brooks Range

A unusually thick and fossiliferous sequence of
Permian and Triassic rocks in the Sadlerochit Group
was investigated by J. T. Dutro, Jr., and R. L. Det-

terman on a tributary of the Ivishak River in the

mation. These two formations are about 25 percent
thicker here than they are at Flood Creek 15 km to
the southwest, and thus this sequence of Sadlerochit
strata is the thickest known in northern Alaska.

The Joe Creek Member of the Echooka consists
of about 120 m of sandy limestone, siliceous and
calcareous sandstone, and siltstone containing Early
Permian shelly faunas, including the brachiopod
genera Yakovlevia, Waagenoconcha, Linoproductus,
Cancrinella, Thamnosia, Timaniella?, Spiriferella,
and Attenuatella. These fossils represent some part
of Zone F of Bamber and Waterhouse (1971) and
are correlated with the upper Leonardian and Road
Canyon of western Texas.

The Ikiakpaurak Member of the Echooka is about
150 m thick and contains a brachiopod coquina bed
(mainly Kuvelousia) near its base. This represents
Zone G and is most likely a upper Guadalupian and
Capitan equivalent (Kazanian).

Although few fossils were seen at this locality, the
Ivishak Formation has yielded Early Triassic fossils
in nearby areas. Ophiceras commune Spath and
Claraia stachei Bittner identified from the lower
part of the Ivishak Formation by N. J. Silberling,
indicate a late Griesbachian Age.

Reservoir characteristics of sandstones of the Nanushuk and

Colville Groups

Physical and biogenic sedimentary structures and
paleontology indicated that selected sandstones of
Nanushuk and Colville Groups (Cretaceous) in the
Umiat oilfield (loc. 3) were deposited in a shallow-
water nearshore marine environment—in the fore-
shore, upper shoreface, lower shoreface, and upper
offshore—according to J. E. Fox, C. L. Jochim, P.
W. Lambert, D. W. Niven, J. K. Pitman, and C. H.
Wu. Sandstones of the Nanushuk Group are very
fine to fine-grained litharenites composed mainly of
quartz, chert, and low-grade metamorphic rock frag-
ments. Sandstones of the Colville Group also are
very fine to fine-grained litharenites but contain
abundant volcanic rock fragments (andesite) and
plagioclase in addition to quartz, chert, and low-
grade metamorphic rock fragments. Some sand-’
stones of both groups are thoroughly eemented with
calcite. The porosity and permeability of many of
the sandstones of the Nanushuk Group, the principal
producing formation in the oilfield, appear to be in-
versely proportional to the content ¢f phyllite rock
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fragments. The soft phyllite fragments and the
phyllosilicate fragments abraded from them tend to
be squeezed and packed into primary intergranular
pores. The poor porosity and permeability of sand-
stones of the Colville Group appear to be due mainly
to a high content of authigenic clay minerals filling
intergranular pores. Clay minerals in the sandstones
include illite, chlorite, montmorillonite-chlorite, and
kaolinite. In sandstones of both groups, porosity and
permeability tend to increase with increasing grain
size.

The weighted average porosities and permeabili-
ties determined from core and well-log analyses for
sandstones in the various formations are as follows:

Average Average
Formation porosity, permeability,
percent md
Grandstand Formation:
Lower _ . 15.1 58.6
Upper e 15.6 167.0
Chandler Formation, Killik Tongue - 16.4 96.2
Ninuluk Formation __________.____ 12.6 10.7
Seabee Formaton _______________ 11.5 3.1
Prince Creek Formation, Tuluvak
Tongue o _____ 14.6 3.9

The formation water is mostly fresh—about 5,000
ppm dissolved solids—with a resistivity of 1.6 ohm-
m at 13°C.

Extensive permafrost on the continental shelf of the

Beaufort Sea

Results of the Prudhoe Bay drilling program (loc.
4) indicated that brine-soaked permafrost extends
at least 15 km offshore beneath ‘water depths of 15
m or more. Furthermore, according to D. M. Hop-
kins, strongly negative temperature gradients in
every drill hole demonstrate that colder, ice-bonded
permafrost exists at depths in the 50- to 100-m
range.

Ferruginous bauxite deposit in northern Alaska

Mapping done by H. N. Reiser and W. P. Brosgé
in the northeastern Brooks Range revealed the oc-
curence of small deposits of diaspore and pyrophyl-
lite. The outcrops are slightly metamorphosed “pock-
et-type” deposits of ferruginous bauxite developed
on a pre-Mississippian angular unconformity in
northeastern Alaska. S. H. Patterson postulated that
the diaspore and the pyrophyllite are derived from
original boehmite and gibbsite, respectively. The
pyrophyllitic quartzite previously reported in the
area (Reed and Hemley, 1966) probably originated
in the same way. Four rapid-rock chemical analyses
of the diaspore-bearing rocks from two localities
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within the Mount Michelson quadrangle (loc. 5)
(lat 69° 22.5” N, long 145° 41.5" W., and lat 69° 27’
N., long 144° 27’ W.) have average percentages as
follows: SiO., 18.73; ALO,, 35.00; Fe.O., 7.38; FeO,
22.25: MgO, 1.57; CaO0, 0.64; Na,0, 0.01; K.O, 0.74;
H.O0+, 10.25; H.O-, 0.40; TiO,, 2.65; P.O;, 0.32;
MnO, 0.18; and CO,, 0.21 (sum, 100.33).

WEST-CENTRAL

Continental margin facies in Alaska Range points to new
petroleum target areas -

The lower Ordovician through Upper Silurian
sequence of graptolitic shale, chert, sandstone, and
limestone in the Terra Cotta Mountains of the
Alaska Range (loc. 6), studied by Michnael Churkin,
Jr., B. L. Reed, Claire Carter, and G. R. Winkler,
represents an ancient continental margin succession
of hemipelagic sediments and turbidites deposited
immediately seaward of bioclastic limestone, includ-
ing reefs north of the Alaska Range, that represents
a continental shelf. If large-scale displacement of
lower Paleozoic facies has not occurred across
western extensions of the Denali fault system, then
shoreline and shelf facies may be present in lower
Paleozoic rocks that are now concealed in the Min-
chumina Basin and other basins north of the Alaska
Range—this concept is useful in exploring for pe-
troleum and other commodities that are known to
occur along ancient continental margins.

Pre-Ordovician unconformity in central Alaska

The common belief that major unconformity
exists at the base of the Paleozoic section in central
Alaska is based at least in part on observations made
by H. M. Eakin (1918) in the Telsitna River area

I of the northern Kuskokwim Mountains (loc. 7). At

this classic locality, fossiliferous Ordovician carbon-

. ate rocks structurally overlie a metamorphic com-

plex composed of mica schist and quartzite. Eakin
described the contact as an angular unconformity
and assigned the metamorphic complex a pre-Or-
dovician age. Reexamination of the Telsitna locality
by W. W. Patton, Jr., J. T. Dutro, Jr.,, and R. M.
Chapman strongly suggested, however, that the con-
tact is a thrust fault rather than an unconfcrmity.
Along the contact, slivers and blocks of the carbon-
ate rocks are tectonically mixed with the metamor-
phic rocks, and, at the base of the Paleozoic se-
quence, the carbonate rocks are heavily sheared and
brecciated. The presence of a thrust along the con-
tact does not disprove the presence of an uncon-
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formity, but, at present, the age of the metamorphic | sediments metamorphosed deeply enough in the crust
rocks is uncertain, and the possibility that the car- | to form kyanite rarely are exposed.

bonate and metamorphic terranes have been juxta- |

posed by large-scale lateral transport cannot be ruled
out.

EAST-CENTRAL

Geochemical anomalies in bedrock of Kantishna River

quadrangle

Seventy-five bedrock samples were collected for
geochemical analysis in the western half of the Kan-
tishna River quadrangle (loc. 8) by R. M. Chapman
and W. W. Patton, Jr. A preliminary evaluation of
the analytical data for selected elements shows
anomalous amounts of one or more of the following
elements in 49 of the 75 samples: Ag, 0.7-20 ppm;
As, 300-1,000 ppm; B, 300-10,000 ppm; Be, 7-20
ppm; Bi, 7-30 ppm; Cu, 150-700 ppm; Hg, 0.12-10
ppm; Li, 100-1,000 ppm ; Mo, 10 ppm; Pb, 70-1,000
ppm; Sb, 200 ppm; Sn, 10-200 ppm; V, 500-1,000
ppm; and Zn, 300-2,000 ppm. These anomalous
values are conservatively interpreted from imspee-
tion of the data and from ecomparisons with amounts
used in several Alaskan geochemical surveys and in
various tables of ecrustal abundances of elements.

A number of Ag, As, B, Bi, Li, and Sn anomalies
and a few Be, Cu, Mo, Pb, V, and Zn anomalies occur
in 14 of the 16 samples from a 50-km? area at the
head of the Cosna River. The samples are from iron-
stained, low-grade metasedimentary rocks, some of
which are slightly hornfelsed and contain tourmaline
and andalusite, and from numerous associated small
rhyolitic dikes and quartz veins. A granitic body at
shallow depth may be inferred from this geologic
setting. Additional geological and geochemical ex-
ploration in this area is warranted in view of the
anomalous abundances of several metallic elements,
the favorable setting for mineral deposits, and the
reports that some prospecting was done in the area
many years ago.

Occurrence of kyanite in the Big Delta C~4 quadrangle

Schists that crop out on the northern side of an
area of sillimanite gneiss in the Big Delta C-4 quad-
rangle (loc. 9) eontain kyanite, according to H. L.
Foster. Kyanite had not been found previously in
the Big Delta quadrangle except in the Eilson deep
test hole at a depth of 2,504 m. Kyanite is also rare
elsewhere in the Yukon-Tanana Upland, probably
partly because of the quartzitie composition of the

SOUTHERN

. Cretaceous age for the Arkose Ridge Formation

Reconnaissance geologic mapping done in the
southwestern Talkeetna Mountains (loe. 10) by Béla
Csejtey, Jr., and W. H. Nelson indicated that the
granitic rocks in the Little Susitna River drainage,
adjacent to the reportedly Arkose Ridge Formation
of Paleocene age (Detterman and others, 1976), are
not of just one age but include Jurassic quartz dio-
rite and Upper Cretaceous tonalite. Although the
Arkose Ridge Formation unconformably overlies the
Jurassie quartz diorite and related metamorphic
rocks, it appears to be intruded by the Upper Cre-
taceous tonalite. The contact between the Arkose
Ridge and the tonalite is nowhere exposed, but the
two units oecur on opposite sides of the Little Susjtna
Valley about 1 km apart, separated by glacial de-
posits. There is no evidence in the area that the
tonalite and the Arkose Ridge are in fault contact.
Close to the tonalite, the Arkose Ridge is extremely
indurated but becomes rather friable a few kilo-
meters away. Petrographic charaeteristics of the
tonalite suggest that it was emplaced in the lower
part of the epizone and thus required a minimum of
5 to 7 km of roof. Potassium-argon age determin-
ations on three biotite-hornblende mineral pairs
from the tonalite (M. A. Lanphere, written commun.,
1976) yielded concordant Cretaceous ages of 67.3 to
72.5 million years. If it is assumed that the Arkose
Ridge is of Paleocene age, the present spatial prox-
imity of the Arkose Ridge rocks to the tonalite would
necessitate a somewhat unlikely rapid rate of un-
roofing for the tonalite. Thus, field evidenee strongly
suggests that the Arkose Ridge is older than, and
was intruded by, the tonalite and that the Arkose
Ridge in part, made up the necessary roof for the
tonalite pluton.

To substantiate the apparent intrusive relation-
ship, several thin sections of Arkose Ridge rocks
taken about 1 km from exposed tonalite were ex-
amined for contact metamorphic effects by Csejtey
and G. D. Eberlein. Most of the sections examined
showed in-place growth of secondary fine-grained
biotite and (or) muscovite and chlorite—minerals
that require some heat for crystallization in the
absence of a directed fabriec. A thin section of an

metamorphosed sediments but perhaps also because ;| Arkose Ridge sample taken several kilometers from
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the tonalite showed no development of secondary
biotite, muscovite, or chlorite.

Thus, field and petrographic evidence strongly
suggest that the Arkose Ridge is older than about
70 million years and is an integral part of the Mata-
nuska Formation (Lower and Upper Cretaceous).
Such an age assignment for Arkose Ridge is attrac-
tive because it greatly simplifies the interpretation
of the tectonic history of both the southern Tal-
keetna Mountains and the Matanuska Valley.

Mineralogy and stable isotope geochemistry of massive
copper sulfide deposits at Kennecott

R. W. Potter IT and M. L. Silberman (USGS) are

carrying on a detailed study of the Kennecott mas-

sive sulfide deposits near McCarthy (loe. 11). Arie
Nissenbaum (Weizmann Institute of Science, Re-
hovot, Israel) and Alan Matthews (Hebrew Uni-
versity, Jerusalem, Israel) are providing stable iso-
tope analyses of carbonate and silicate minerals
from rocks within and near the ore deposits. Pre-
liminary results indicated that the Kennecott mas-
sive sulfide deposits were originally deposited in a
sebkha environment at low temperature. The de-
posits were initially a pyrite-chalcopyrite-bornite-
covellite-luzonite assemblage, which implies a low
formation temperature. Textural evidence suggests
that complex multistage processes were responsible
for replacing the original assemblage with chalco-
cite-djurlite-dignenite-anilite-blaubleibender covel-
lite-covellite. This assemblage indicates a formation
temperature below 93°C. Fluid inclusions from cal-
cite veins containing sulfides have homogenization
temperatures of 50°C and salinites of 15 percent.
Isotopic analyses of carbonate rocks from the Chiti-
stone Limestone (Upper Triassic) (host rock for the
deposits) indicate depletion of O™ but not of C'.
Unaltered Chitistone Limestone has a §0™ (standard
mean ocean water) value of +20 to +26 ppt and a
8C* value of +1.5 to +4.1 ppt. Recrystallized lime-
stone near the ore deposit is further depleted in
O (+17-+22 ppt) but has the same §C** value as
unaltered limestone. Sulfide containing vein calcite
has a §0™ value of +9 to +18 ppt and a s§C** value
of +0.4 to +2.7 ppt. Quartz-epidote-copper veins in
the Nikolai Greenstone, which underlies the Chiti-
stone Limestone, have a §0' value for epidote of
+4 to +5 ppt and a §0*® value for quartz of +15 to
+16 ppt; the large fractionation implies a low for-
mation temperature. The §0' values of chlorite,
hornblende, and feldspars from nearby Tertiary
igneous rocks in the range +6 to +12 ppt are

characteristic of igneous minerals that have under-
gone exchange with fluids enriched in O, such as
formation waters from sedimentary rocks like those
found near Kennecott. The mineralogy, isotope data,
and geometry of the orebodies indicate a sabkha,
origin which was later modified by remobilization
due to the action of oxidizing, saline, cool fluids prob-
ably having a significant nonmeteoric component
generated by igneous activity in the Mesozoic or
perhaps the late Cenozoic.

Ages of disseminated copper and molybdenum deposits in

the eastern Alaska Range

Alteration and mineralization ages of dissemin-
ated copper mineralization associated with granitic
rocks of the Nabesna and Klein Creek plutons (loec.
12) were obtained by K-Ar analyses of hydrothermal
biotite, muscovite, potassium-feldspar, amphibole,
and chlorite. Copper mineralization ages from Baul-
toff, Horsfeld, Carl Creek, and Ptarmigan Creek in
the Klein Creek batholith range from 107 to 118
million years, and the mineralization from Orange
Hill in the Nabesna pluton is 110 million years.
Molybdenum-bearing quartz porphyries and veins
at Orange Hill yield K-Ar ages ranging from 104
to 108 million years. Previously reported biotite and
hornblende ages from unmineralized parts of the
Nabesna and Klein Creek plutons are 108 to 117
and 113 to 114 million years, respectively. The age
data suggested to M. L. Silberman, J. L. Morton, D.
C. Cox, and D. H. Richter that major copper min-
eralization occurred during emplacement and crys-
tallization of these plutons. Molybdenite mineraliza-
tion at Orange Hill is related to late-state quartz
porphyries, which form part of the Nabesna pluton.
Two younger stages of igneous intrusion and min-
eralization-alteration occurred within the Nabesna
pluton. A major pluton containing disseminated
chalcopyrite was emplaced at the center fork of Bond
Creek 81 to 90 million years ago. At the eastern fork
of Bond Creek, trondhjemitic dikes and intrusions
and a silicic breccia pipe containing disseminated
pyrite and molybdenite were emplaced 22 million
years ago.

Chlorite, which replaces hydrothermal or igneous
biotite at Carl Creek, Baultoff, and the eastern Fork
of Bond Creek, yielded K-Ar ages that agree with
ages of hydrothermal potassium-feldspar, muscovite,
and biotite from the same rocks. The data suggest
that, at least in some areas, chlorite may be useful
in determining the age of disseminated copper de-
posits by the K-Ar method.
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Till of possible pre-Delta age in the Tanana Valley near Tok

Eight to 10 meters of massive sandy till are ex-
posed in a general pit along the Alaskan Highway,
8 km east of Tok (loc. 13). The till occupies an area
of roughly 6 km? and is bordered by modern allu-
vium of the Tok and Tanana Rivers and by gravels
presumed to be equivalent in age to the Donnelly
Glaciation. The surface of the till stands a few
meters above the surrounding terrain but does not
exhibit morainal topography, and large boulders
are not exposed. The glacial origin of the deposit
is apparent only because construction excavations
reveal internally the unstratified character of the
materials and the presence of boulders up to at least
1.5 m in diameter.

Till of equivalent age once must have covered a
large area in the vicinity of Tok, but it has since
been either buried by gravels of the Tok fan or re-
moved by erosion prior to deposition of the Tok fan.
L. D. Carter and J. P. Galloway concluded that most
of the gravels of the Tok fan were deposited during
the Delta Glaciation. If so, the till described above
must be pre-Delta in age.

Geochemical sample media in the Tanacross quadrangle

To help determine the mineral potential of the
Tanacross quadrangle (loc. 14), geochemical sam-
pling included the collection of several different
sample media at each locality. In the maturely dis-
sected areas of the quadrangle (part of the Yukon-
Tanana Upland), it was demonstrated that mineral
occurrences are defined by a combination of sample
media more completely than they are by any single
type of sample. However, oxide residue is the most
useful single sample medium for identifying base-
metal occurrences. Heavy-mineral concentrates are
most useful for detecting localities of tin and tung-
sten mineralization and for delineating anomalous
distributions of some other metals such as bismuth.
Streambank sod and aquatic bryophytes are some-
what less useful than the oxide residue, but they can
provide supporting geochemical data.

In the Alaska Range, where mechanical weather-
ing is the primary destructive process, stream sedi-
ments reflect the mineralogy of the bedrock in the
drainage basins; therefore, minus-80-mesh stream
sediments and heavy-mineral concentrates are ade-
quate for defining areas of mineral potential.

Porphyry copper potential in the Tanacross quadrangle

Compilation and interpretation of geologic, aero-
magnetic, geochemical, and satellite data obtained in
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the Tanacross quadrangle (loc. 14) by D. A. Singer,
H. L. Foster, and G. C. Curtin indicated several
areas worthy of being explored further for copper
deposits. :
Known porphyry copper deposits all appear to be
genetically related to Tertiary felsic volcanic or
hypabyssal rocks. The limited amount of drilling
done by industry in the quadrangle suggests that the
copper and molybdenum contents of the deposits are
low in comparison with those of deposits in the
conterminous United States. Although porphyry de-
posits are the only type of copper and molybdenum
deposits known to occur in the Tanacross quad-
rangle, other copper-bearing deposits, such as mas-
sive sulfide veins and skarns, could also occur on
the margins of the volcanic or hypabyssal rocks.

SOUTHWESTERN

History of the Yukon River Delta

W. R. Dupre (USGS) established that the south-
ern part of the coalescent deltas of the Yukon and
Kuskokwim Rivers (loc. 15) formed during Wis-
consin time, probably on the order of 14,000 to
18,000 years ago. The southern side of the channel
leading to this part of the Yukon-Kuskokwim Delta,
near Nelson Island, is adjoined by a row of dunes
and blocked by younger dunes adjoining the south-
ern side of a younger Yukon River Channel that
leads past Cape Romanzof toward a submerged
deltaic deposit dated by J. S. Creager  and H. J.
Knebel (University of Washington) as about 14,000
years old. Delta lobes to the north and south were
occupied during most of Holocene time, and the
outlet of the Yukon River shifted to its present posi-
tion at the northern edge of the delta complex only
about 1,200 years ago.

Volcanic hazards in lower Cook Inlet

A violent eruption of Augustine Volcano (loc. 16)
in January 1976 followed by only 12 years a previous
major eruption (Detterman, 1968). This interval
represents a significant reduction in tne periodic
28- to 35- year eruptive cycle recorded for the vol-
¢ano~during historic times (Coats, 1950). A further
reduction in the cycle, which R. L. Detterman con-
sidered likely, could present a serious environmental
hazard to petroleum exploration in lower Cook Inlet
as well as to shipping and shore installations in ad-
jacent areas.
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Reservoir and source-rock parameters in lower Cook Inlet

Reservoir and source-rock parameters of lower
Cook Inlet stratigraphic units were studied by I. F.
Palmer, J. G. Bolm, J. C. Wills, L. B. Magoon, III,
and R. M. Egbert (USGS) and W. M. Lyle and J.
A. Morehouse (Alaska Division of Geological and
Geophysical Surveys). Potential reservoir sand-
stones have low porosity and permeability owing to
original tight packing and subsequent zeolitization.
Thermal-alteration-index determinations indicate
that the basin is mature enough to have generated
hydrocarbons. Extracted soluble hydrocarbons are
present in moderate amounts and indicate source-
rock capability. The petroleum potential of the lower
Cook Inlet Outer Continental Shelf area (loc. 17) is
considered to be fair to good.

Blue amphiboles in southwestern Alaska

Blue amphiboles were found recently by J. M.
Hoare and W. L. Coonrad in highly tectonized rock
at five localities in southwestern Alaska (loc. 18).
Two localities are in the Goodnews B-7 and B-8
quadrangles; the others are 90 km to the south,
across the regional trend of the rocks, in the Hage-
meister Island C-5 and C-6 quadrangles. There is
no known connection between the northern and
southern localities. In the Hagemeister quadrangles,
the blue amphiboles are closely associated with a
metamorphosed and dismembered cphiolite complex.
The amphiboles are in altered, moderately foliated
volcanogenic rocks that also contain chlorite, pum-
pellyite, and actinolite. The two northern localities
are in completely recrystallized quartz-chlorite
schist and crenulated calcareous schist that contains
detrital quartz and clinopyroxene. All of the blue
amphibole localities are in, or on the projected trend
of, previously recognized fault zones. The fault zones
trend northeast, dip south, and show northwestward
tectonic transport. The fault zones probably extend
to suberustal depths because they also contain two
or more sheared serpentine bodies. The serpentine
bodies are interpreted as rootless tectonic blocks
because (1) they are rather small; (2) they are
moderately or intensely sheared; (8) one of them is
in fault contact with limestone; and (4) they are in,
or very near, large fault zones. The origin of the
serpentine is presumably in the mantle. The isolated
bodies are probably tectonically emplaced pieces of
serpentinized peridotite that were intruded into the
fault zones.

The fundamental tectonic identity of the rocks in
the Goodnews and Hagemeister Island quadrangles

is not yet completely understood, but the association
of blue amphiboles and serpentinized periodotite in
these highly tectonized rocks permits the inference
that they have been produced at zones of active plate
convergence.

SOUTHEASTERN

Metamorphosed Alexander terrane trondhjemite in Coast
Range plutonic and metamorphic complex

Recent fieldwork done, by R. D. Koch, R. L. El-
liot, J. G. Smith, arid H. C. Berg in the area between
Foggy Bay and Cape Fox in the Prince Rupert D-3
quadrangle of southern southeastern Alaska (loc.
19) showed that an elongate body of rock originally
mapped as greenschist (Wright and Wright, 1908;
Buddington and Chapin, 1929) is instead a sheared
trondhjemite pluton, informally referred to as the
Cape Fox pluton. This body is exposed over an ellip-
tical area 9x19 km along the western margin of the
plutonic and metamorphic complex in the Coast
Range. Despite its inclusion in the Coast Range com-
plex, the Cape Fox pluton may be part of the older
Alexander terrane, which lies in a roughly parallel
belt to the west (Berg, Jones, and Richter, 1972).

Geologic settings.—The plutonic and metamorphic
complex in the Coast Range is a linear belt that
extends 1,700 km along the Pacific coast from
British Columbia through southeastern Alaska into
Yukon Territory (Douglas and others, 1970 ; Hutch-
ison, 1970; Roddick and Hutchinson, 1974). With-
in the Ketchikan and Prince Rupert quadrangles,
the complex forms three north-trending irregular
belts (Elliott, Smith, and Hudson, 1976; Berg and
others, 1977). The easternmost belt lies just west of
Portland Canal and consists predominantly of dis-
crete granodiorite and quartz monzonite plutons. A
central belt of high-grade paragneiss and foliated
plutonic rocks is flanked on the west by a third,
heterogeneous belt of phyllite, pelitic schist, green-
schist, amphibolite, minor marble, and subordinate
plutonic rocks. In the Ketchikan region, K-Ar dating
indicates that the Coast Range complex formed
mainly during two major metomorphic and intrusive
episodes 80 and 50 million years ago. (Smith, 1975).

The Alexander terrane is an irregular belt of al-
lochthonous sedimentary, voleanic, and metamor-
phic rocks that extends for 1,000 km along the
Pacific coast from Dixon Entrance to the Wrangell
Mountains (Berg, Jones, and Richter, 1972). The
oldest fossil-bearing rocks in the terrane are Lower
Ordovician graptolitic shales, but intrusive relations
and a thick underlying section of undated beds sug-
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gest that the stratigraphy extends into the Cambrian
and probably into the Precambrian. The youngest
fossil-bearing rocks assigned to the Alexander ter-
rane are Late Triassic in age. The terrane is cut by
granitic plutons ranging in age from Precam-
brian(?) to Cenozoic. The southern half of the ter-
rane includes several trondhjemite plutons that are
of Silurian age or older. The largest of these trondh-
jemite plutons is the Annette pluton on Annette
Island (Berg, 1972), which is 400 million years old
or older.

Cape Fox pluton.—The Cape Fox pluton was orig-
inally a medium-grained hypidiomorphic granular
biotite trondhjemite. Potassium-feldspar was com-
pletely absent, or present only in small amounts,
and biotite was the only original mafic mineral. Most
of the pluton was sheared and altered during reg-
ional metamorphism that produced cataclastic, com-
monly semischistose rocks. The granitic texture was,
in places, completely destroyed. The degree of de-
formation and alteration is not uniform areally, and
variation is apparent even at outcrop scale. Portions
of some outcrops are now chlorite-epidote-muscovite-
plagioclase-quartz schist and strongly resemble
greenschist. Most outcrops are characterized by
abundant angular quartz porphyrcblasts. The south-
eastern margin of the pluton is a band of quartiz-
mica schist 1 km wide that was produced by cata-
clasis and structural intercalation of the pluton with
the adjacent metavolcanic and metapelitic rocks.

The Cape Fox pluton and the surrounding coun-
try rocks are inferred to have been regionally meta-
morphosed during the 80-million-year-old Coast
Range metamorphic event. This age is based in part
on a partially reset biotite K-Ar date of 67 million
years obtained on a sample of schist collected 12 km
north of the pluton. Comparison of this date with
a pattern of reset ages to the north (Smith, 1975)
suggests a metamorphic age of 80 million years for
this schist. A granodiorite stock near Sykes Lake,
25 km north of the Cape Fox pluton, has a distinet
thermal aureole that overprints the surrounding re-
gionally metamorphosed schists. The pluton yielded
discordant K-Ar dates, but the hornblende date of
78 million years indicates that a significant regional
metamorphic event occurred at least 80 million
years ago.

The likelihood that the Cape Fox pluton and the
surrounding rocks were regionally metamorphosed
before 80 million years ago suggests that this pluton
may correlate with other pre-80-million-year-old
trondhjemite plutons in southern southeastern
Alaska. The only such plutons known in the region

1
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are parts of the Alexander terrane. Petrographic,
modal, and chemical evidence suggests a possible
correlation with the Annette pluton of Silurian age
or older, a trondhjemite stock on Annette Island 40
km to the northwest. If this correlation is correct,
it will mark the first documented occurrence of Alex-
ander terrane rocks in the Coast Range plutonic
and metamorphic complex.

investigations of the Wilson Arm molybdenite deposit

The Wilson Arm molybdenite deposit in the
Ketchikan B-2 quadrangle (loc. 20) was visited
briefly by T. L. Hudson, R. L. Elliott, J. G. Smith,
and R. D. Koch to study and sample the intrusive
rocks associated with the mineralization. Field ex-
amination confirmed that the two felsic stocks in
the area are composite hypabyssal bodies separated
at the surface by a narrow septum of gneiss. The
stocks are oval in plan and sharply discordant with
the enclosing metamorphic and plutonic rocks. The
contact zone is commonly a complex irregular net-
work of pegmatite, aplite, and porphyry dikes and
sills. Lamprophyre dikes crosscut all intrusive
phases and mineralized zones along a consistent
northeastern trend, but locally they have been
slightly displaced by small cross faults. A prelim-
inary report by Elliott, Smith, and Hudson (1976)
summarized many aspects of the general geology the
setting of the stocks that were known.

Both stocks contain many textural facies. The
southern stock includes biotite-quartz porphyry,
biotite-quartz-feldspar porphyry, and seriate fine-
to-medium-grained biotite granite. The porphyritic
rocks commonly have an aplitic groundmass; irreg-
ular pods and veins of quartz-feldspar pegmatite
are relatively abundant in some parts of the south-
ern stock. The principal mineralization occurs in
the northern stock, which includes fine-grained equi-
granular biotite granodiorite(?), fine-grained equi-
granular biotite granite, and a variety of porphyrytic
rocks with a groundmass that is locally aphanitic
but generally fine grained and aplitic.

Molybdenite-quartz veins and molybdenite frac-
ture coatings occur over large areas of the northern
stock, and pyrite is nearly ubiquitous in and around
the stock. The pyrite occurs as disseminzated euhedra
in porphyritic rocks, in veinlets cutting both molyb-
denite-bearing and molybdenite-free rocks, and as
disseminations in country rocks adjacent to the
stock. Amphibolite observed near the southern con-
tact of the northern stock is particularly pyrite-
rich. The ubiquitous pyrite of the northern stock
contrasts sharply with the pyrite-free nature of the
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southern stock, which appears to be nonmineralized
over most of its area. Chlorite commonly occurs
along fractures in many molybdenite- and (or)
pyrite-bearing rocks of the northern stock.

Samples of the different phases and mineralized
parts of the stocks have been collected, and the ob-
jectives of present laboratory work are to desecribe
the petrology, determine the major- and trace-
element chemistry, and obtain the K-Ar ages of the
intrusive complexes. These data will define the gen-
eral characteristics of the host rocks for the impor-
tant Wilson Arm molybdenite deposit and assist in
identifying rocks and mineralized zones elsewhere
in southeastern Alaska.

The Coast Range ‘“‘megalineament”’

The Coast Range “megalineament” (loe. 21) is
a nearly continuous, prominent topographic and
structural feature that extends southeastward for
about 550 km from where it joins the Chatham
Strait-Lynn Canal fault north of Berners Bay to
where it leaves southeastern Alaska in Tongass
Passage near the mouth of Pearse Canal. (It prob-
ably extends still farther southeastward into
British Columbia along Work Channel and Chatham
Sound-Grenville Channel.)

The megalineament is generally a zone a few
hundred meters to 10 km wide in which closely
spaced joints, foliation, compositional layering, and
small faults parallel the megalineament trend. The
zone usually occurs in topographic depressions
apparently caused by glacial erosion of the less re-
sistant rocks of the zone.

Studies conducted in the Juneau area and in the
Tracy Arm-Fords Terror Wilderness study area by
D. A. Brew and A. B. Ford indicated that the mega-
lineament (1) is at least locally the site of small
lateral and vertical separations on the order of 1 km;
(2) is itself probably not a major discontinuity;
(3) may be located near older premetamorphism
and preintrusion discontinuities; (4) is consistently
associated with steep gradients of both the gravity
and the magnetic fields; and (5) may reflect the
presence at depth of the western contact of the
dominant intrusive rocks and gneisses of the Coast
Range plutonic and metamorphic complex.

Newly discovered granitic and gabbroic bodies in Glacier

Bay National Monument

Available geologic information on the Fair-
weather Range (Brew and Ovenshine, 1974; Mac-
Kevett and others, 1971; Rossman, 1963a, b; Plafker
and MacKevett, 1970) is fragmentary. D. A. Brew,

B. R. Johnson, C. J. Nutt, Donald Grybeck, and
A. B. Ford (1977) conducted brief investigations
into the mineral-resource potential of the range
(loc. 22) as a factor bearing on its suitability for
wilderness designation. Their studies added signifi-
cantly to knowledge about the occurrence of granitic
and gabbroic bodies in this remote, rugged, and
nearly inaccessible area.

Rossman (1963a) mapped a few diorite and
quartz diorite bodies between the southern peaks
of the Fairweather Range and Cross Sound. Recent
work has refined Rossman’s mapping considerably.
There are two groups of intrusions, each character-
ized by a different typical lithology and age. The
older group consists mostly of poorly foliated to
well-foliated biotite-horneblende quartz diorite of
inferred Tertiary or Cretaceous age; the younger
group includes commonly foliated garnet-biotite
granodiorite and slightly foliated garnet-muscovite-
biotite granite, both of inferred Tertiary age. The
younger group in particular has associated aureoles
of andalusite-quartz-plagioclase-biotite hornfels.

In the upper reaches of Lituya Glacier, about 5
km northwest of the northernmost exposures of the
Mount Crillon-La Perouse layered gabbro body
(Rossman, 1963b), is a newly discovered, crudely
layered gabbro body that is not yet completely
mapped. The body is relatively inaccessible because
of extremely rugged topography. The body may be
only partially unroofed; the contact on the western
side, extends northward for about 7 km to within
about 11 km of the southernmost exposures of the
poorly understood Mount Fairweather layered gab-
bro body (Plafker and MacKevett, 1970). There is
as yet no control on the eastern contact of the newly
discovered body. Where it has been studied to date,
the Lituya Glacier body censists of layers 0.5 to
1 m thick of coarse-grained pyroxene-hornblende
gabbro and pyroxene gabbro with discontinuous
layers of pyroxenite 2 em thick and hornblendite 10
cm thick.

Paleozoic or Precambrian age of rocks in Glacier Bay

National Monument

Several inconsistent but generally converging
lines of evidence suggested to D. A. Brew, R. A.
Loney, R. W. Kistler, S. C. Grommé, and Mitsunobu
Tatsumoto that the rocks in the high part of the .
Fairweather Range (loc. 22), which heretofore have
been interpreted to be either no older than late
Paleozoic (Rossman, 1963a; Brew, Loney, and
Muffler, 1966; MacKevett and others, 1971; Brew
and Ovenshine, 1974) or, by distant lithologic cor-
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relation, middle Paleozoic (Hudson, Plafker, and
Lanphere, 1977; Brew and others, 1976), may be
as old as Precambrian. This hypothesis has signifi-
cance for the paleotectonic analysis of the north-
eastern rim of the Pacific Ocean.

The oldest rocks in the high part of the Fair-
weather Range are an apparently thick, complexly
folded sequence of metamorphosed graywacke and
shale. Few, if any, carbonate units are present; no
fossils have been reported. Associated with the meta-
graywackes and metashales are a few kilometer-
long, thin lenses of metavolcanic rocks that to the
west and southwest become the dominant rock type.
These rocks have been correlated by Rossman
(1963a) and Brew (Brew, Loney, and Muffler, 1966;
MacKevett and others, 1971; Souther, Brew, and
Okulitch, 1976) with very sparsely fossiliferous
rock units of Triassic through Early Cretaceous age
on Chichagof Island to the south. Plafker and
others (1976) and Hudson, Plafker, and Lanphere
(1977), on the other hand, have correlated the same
units with rocks in the Yakutat area, which, be-
cause they are intruded by plutons of late Paleozoic
age, are inferred to be at least as old as middle
Paleozoic.

There is thus no clear, direct evidence for the age
of metasedimentary and metavolcanic rocks in the
high part of the Fairweather Range. The rocks are,
however, intruded by a variety of plutons. In Glac-
ier Bay National Monument, the oldest rocks that
give consistent mineral ages are middle Tertiary in
age; they are unfoliated leucocratic biotite granites
and granodiorites. An apparently slightly older
foliated granodiorite pluton in the Fairweather
Range gives discordant mineral-pair ages that prob-
ably represent the revision of an emplacement age
of no older than middle-Cretaceous. The oldest plu-
tons recognized in the Yakutat area are apparently
late Paleozoic.

The critical plutons in the Fairweather Range
are the layered gabbros, the largest of which are
the Mount Fairweather (Plafker and MacKevett,
1970), the Lituya Glacier, and the Mount Crillon-
La Perouse (Rossman, 1963b) bodies. The Mount
Crillon-La Perouse body, the largest, is apparently
at least 9,000 m thick and is about 27x18 km in
plan view. All of these thick layered bodies appear
to have developed contact aureoles in the metasedi-
mentary and metavolcanic host rocks, as the young-
er granitic intrusions have.

There is only one known good analog of these
layered bodies elsewhere in the world—the Axelgold
intrusion of British Columbia (Irvine, 1975), which

is considered to be middle Cretaceous in age and
which intrudes upper Paleozoic rocks. The Jabal
Shayi intrusion in Saudi Arabia (Coleman, Ghent,
and Fleck, 1973), which intrudes Precambrian rocks
and which is itself Precambrian in age, is also a
possible analog. The Mount Crillon-La Perouse body
differs from these bodies in one significant way,
however; it has a large copper-nickel-platinum de-
posit associated with it (Cornwall, 1966; MacKevett
and others, 1971). Throughout the world, most of
the large known nickel deposits that are associated
with mafic and (or) ultramafic rocks occur in the
Precambrian (Naldrett and Cabri, 1976).

The Mount Crillon-La Perouse body appears to
have a relatively simple relationship to the sur-
rounding rocks and to nearby younger intrusions;
this relationship together with lithologic correla-
tions with rock units of Mesozoic age on northern
Baranof Island, led to an initial interpretation that
the body was Tertiary (Brew, Loney, and Muffler,
1966). Radiometric study shows that this apparent
simplicity is misleading. Potassium-argon dates of
biotite, hornblende, pyroxene, and plagioclase from
the body range from 36 to 250 million years. Of
eight specimens dated, no two had the same date.
Even though this study does not yield an age of
emplacement for the body, it does demonstrate that
the unit has undergone a complex metamorphic his-
tory that was not apparent from the geologic
studies. Further radiometric studies using other
isotopes are underway. Preliminary results indicate
that rocks from the body have extremely low
s"Sr/~Sr isotopic ratios, like those of oceanic basalts
rather than those of continental crustal rocks; thus,
a relatively primitive nature is suggested.

Paleomagnetic study of rocks from the Mount
Crillon-La Perouse body likewise indicates a com-
plicated history. Preliminary and incomplete results
are compatible with a Precambrian age.

None of these lines of reasoning—field relations,
associated sulfide deposits, radiometric data, isotopic
data, or paleomagnetic data—points clearly to an
age of emplacement for the Mount Crillon-La
Perouse body and associated bodies or to an age
for the host rocks. Most of these studies are intern-
ally inconsistent, and most are not clearly consistent
with one another. Taken together, however, they in-
dicate a complexity and a general situation that are
best explained by a Paleozoic or older age of em-
placement for the layered gabbros and a similarly
older age for the host rocks. The hypothesis of an
older Paleozoic or Precambrian age for both must
be considered seriously.
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If the rocks in the high part of the Fairweather
Range are early Paleozoic or Precambrian in age,
then the early history of the Alexander terrane
(Berg, Jones, and Richter, 1972) becomes even more
complex. Rocks of probable Precambrian age occur
in the Wales Group on Prince of Wales Island to the
south. The high Fairweather Range country rocks
do not appear to correlate lithologically or struc-
turally with the highly mixed metavolcanic, meta-
sedimentary, and metacarbonate rocks of the Wales
Group, the suggestion being that, if a F "ecambrian
age is assumed, more than one basement terrane
may be present. Likewise, the lithologies cf the high
Fairweather Range rocks do not correspond to those
of the recently recognized Ordovician rocks nearby
in Yukon Territory (Reed and Monger, 1975) or
with the older Paleozoic sections on Prince of Wales
Island (Eberlein and Churkin, 1970) or elsewhere
in Glacier Bay National Monument (Rossman,
1963a).

Subdivision of Ordovician and Silurian time scale using

accumulation rates of graptolitic shales

If radiometric data on the age of graptolite zones
in the Esquibel Island section of southern Alaska
(loc. 23) are used, it is possible to suggest prelim-
inary age assignments for Middle and Upper Ordo-
vician zones in other parts of the North American
Cordillera, including the unusually complete Trail
Creek zonation in Idaho. Calculations made by
Michael Churkin, Jr., Claire Carter, and B. R. John-
son indicated an average accumulation rate of 41
m/m.y. based on careful measurements of graptolite
zone thicknesses. This figure falls within the 2- to
5-m/m.y. range for deposition rates of modern
abyssal clays and siliceous oozes, which they be-
lieved to be the closest analog for ancient black
graptolitic siliceous shale and chert sequences.

Suggested plate tectonic model for development of ancient

borderfand terranes of North American Cordillera

The inability to correlate the lower Paleozoic and
Precambrian rocks of southeastern Alaska, perhaps
best understood in the Craig area (loc. 23), with
other sequences of the North American Cordillera
supports the view that such sequences are alloch-
thonous with respect to the North American con-
tinent. G. D. Eberlein and Michael Churkin, Jr.,
formulated a new plate tectonic interpretation of
the allochthonous sequences that suggests that at
least six lithospheric microcontinental plates and
volcanic arcs may be represented by ancient rocks in

borderland terranes ranging as far south as northern
Californa. These terranes moved outboard and in-
board during the late Paleozoic and early Mesozoic
to accommodate a succession of marginal ocean
basins that opened and closed behind migrating arcs.
This episode was followed by large-scale northwest-
ward drift in the late Mesozoic and Cenozoic.

Radiometric age of the Monograptus cyphus zone

M. A. Lanphere, Michael Churkin, Jr., and G. D.
Eberlein completed a K-Ar study of an Early Siluri-
an datum on Esquibel Island (loc. 23), where a con-
tinuous succession of graptolite faunas occurs across
the Ordovician-Silurian boundary. The uppermost
graptolite zone in this succession is the Monograp-
tus cyphus zone of the lower Silurian. Immediately
above the graptolite succession is a sedimentary
breccia containing pyrogenic hornblende that
yielded an *Ar/**Ar age of 433%+3 million years.
This result provides a minimum age for the Mono-
graptus cyphus zone. The ancient shales resemble in
many ways modern deep-sea pelagic sediments on
which accumulation rates of 2to 5 m/m.y. have been
estimated. When the hornblende K-Ar age and these
sediment accumulation rates are used, an age of 435
to 437 million years is estimated for the Ordovician
boundary.

Revised age assignment of Karheen Formation on eastern
Heceta Island

Conodont studies conducted by Norman Savage
(University of Oregon) indicated that the Karheen
Formation at USGS locality 2689 on eastern Heceta
Island (loc. 22) contains faunas indicative of an
early Praguian (middle Early Devonian) Age. The
same conodonts occur in the Port St. Nicholas sec-
tion of the Karheen Formation, 44 km to the south-
east, directly beneath shale that contains Mono-
graptus yukonensis, Monograptus craigensis, and
Monograptus pacificus, indicatively of a late Siegen-
ian to early Emsian (Praguian) Age. ’

Metamorphic zonation pattern truncated by Coast Range

batholithic complex in northern southeastern Alaska

The synkinematic Barrovian metamorphic belt
along the western side of the Coast Range batho-
lithic complex near Juneau (loc. 24) includes rocks
ranging from subgreenschist facies to garnet-, stau-
rolite-, kyanite-, and stillimanite-bearing mica
schists of the amphibolite facies. The metamorphic
zonation pattern is known in detail (Ford and Brew,
1973, 1977a; Brew and Ford, 1977). The parent

southeastern Alaska and by similar rocks in other , rocks are late Paleozoic to late Mesozoic in age and
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consist of basalt, shale, graywacke, sandstone, and
calcareous sediments. The age of the metomorphism
is probably late Cretaceous or early Tertiary
(Forbes and Engels, 1970).

The western margin of the batholithic complex
consists of some mica schist mixed with an assort-
ment of gneisses, including some discrete bodies of
homogeneous quartz dioritic to granodioritic ortho-
gneiss, which A. B. Ford and D. A. Brew inter-
preted to be early phases of the batholith that were
emplaced and solidified during a late stage of the
metamorphism after temperatures declined but be-
fore deformation ceased. The Mount Juneau pluton,
for example, lies east of the schist belt southeast of
Juneau but to the north cuts westward across the
metamorphic belt as far as the garnet isograd. The
pluton is discordant to and has no apparent effect
on the regional metamorphic zonation, but its well-
developed foliation parallels that in the schists.

This same situation exists northwest of Juneau,
where almost the entire metamorphic sequence is
truncated by a 60-km-long transgressive batholithic
contact. Apparently, the early phases of intrusive
activity over a broad area accompanied a late stage
of regional metamorphism.

Chemical nature of greenstone near Juneau indicates

tholeiitic ocean-floor volcanism

Metamorphic mafic voleanic rocks of Cretaceous
age are widely distributed along the apparent east-
ern age of an upper Mesozoic sedimentary basin in
northern southeastern Alaska (loc. 24). These rocks
were studied by A. B. Ford and D. A. Brew, who
found them to be dominantly metamorphosed tuff
and breccia, with some metaflow rocks and fossil-
iferous marine metasedimentary rocks; they esti-
mated the volcanic pile to have been 1,000 to 3,000 m
thick. The tectonic setting of the volcanism is un-
certain, largely because of the presence of the
Alexander microplate to the west.

Major- and trace-element geochemistry of 28
analyzed samples shows that (1) the greenstones are
compositionally basaltic; (2) olivine and hypersthene
are present in CIPW norms, indicative of an under-
saturated olivine tholeiite composition; and (3) the
criteria of Pearce (1975) for titanium-zirconium-
yttrium ratios suggest ocean-floor volcanism, with
some possibility of velcanic-are origin.

Tke rocks are chemically unlike the upper Meso-
zoic meta-andesites of the Ketchikan area (Berg,
Jones, and Richter, 1972) and differ from the syn-
chronous alkali olivine basalt of the nearby Berners
Bay area (Irvine, 1973). The tectonic meaning of

this diversity is uncertain, but it is possible that
systematic lateral variations along strike of this
group of rocks are related to significantly different
tectonic-volcanogenic processes adjacent to the
Alexander microplate in the Cretaceous (Ford and
Brew, 1977b).

La Perouse gabbro and associated sulfide deposits

R. A. Loney, G. R. Himmelberg, and G. K. Cza-
manske continued their detailed field and laboratory
study of the La Perouse layered gabbro intrusion
(loc. 25). The body is located in the southern Fair-
weather Range and was previously mapped in recon-
naissance by Rossman (1963b). The intrusion is an
asymmetrical basin that is roughly elliptical in plan
and consists of inward-dipping layers bounded by
steep contacts. The body underlies an area of ap-
proximately 375 km? and has an exposed strati-
graphic thickness of approximately 10,000 m. The
exposed part of the intrusion consists dominantly of
olivine gabbro, and noritic gabbro. Ultramafic rocks,
interlayered with olivine gabbro, are known to occur
only in the vicinity of two nunataks in the Brady
Glacier about 5 km southeast of the main exposures
of the intrusion. These rocks represent the basal
zone of the intrusion. Layering and textural char-
acteristics indicate that the intrusion originated by
cumulus processes. Preliminary data suggest that
the intrusion has undergone only limited chemical
differentiation, like the Axelgold layered gabbro in
British Columbia (Irvine, 1975).

Marginally economic concentrations of nickel-
copper sulfides have been established by diamond
drilling in the vicinty of the Brady Glacier nunataks
by Newmont Exploration, Ltd. Mineralization is
predominantly in the form of disseminated sulfide
minerals, but several massive sulfide pods crop out
in one of the nunataks, and massive sulfide lenses
are common in the drill core. Predominant sulfide
phases are pyrrhotite, pentlandite, and chalcopy-
rite.

PUERTO RICO

Role of spilite in the origin of amphibolite in western
Puerto Rico

Mattson (1960, 1973) suggested that amphibolite
associated with and included as blocks within ser-
pentinite in western Puerto Rico was derived from
the regional metamorphism of tholeiitic oceanic
crust and that spilite may have been an intermediate
step in this process. A geologic study done by A. F.
Curet and R. D. Krushensky of a large mass of
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spilite enclosed in serpentinite in the core of the
Las Mesas-Fraile anticline in western Puerto Rico
indicated a chilled contact of the spilite against the
enclosing serpentinite. The prespilite basaltic rock
is therefore intrusive into and younger than the
serpentinite. The difference between the metamor-
phic grade of the spilite (zeolite facies) and that of
a nearby large mass of amphibolite (hornblende
hornfels facies) also enclosed in the serpentinite
suggests that this particular spilite was never sub-
jected to a regional metamorphism high enough
to have produced amphibolite-grade rocks.

Source of the Daguao Formation of eastern Puerto Rico

A detailed field study of the Naguabo quadrangle
in eastern Puerto Rico by J. W. M’Gonigle showed
that two hypabyssal stocks of andesitic breccia,
each roughly circular in plan view and about 500 m
across, intrude the Daguao Formation (Lower Cre-
taceous). These stocks are generally epidotized and
consist of clasts of porphyritic andesite (plagioclase
and clinopyroxene) as much as 15 em across in a
matrix of smaller lithic clasts of the same type.
Clasts in tuff breccia and autoclastic breccia flows
of the Daguao Formation appear texturally and
mineralogically identical to lithic clasts in the
breccia stocks. Therefore, it is thought that these
stocks were volcanic necks or conduits that supplied
much of the andesitic breccia comprising the
Daguao Formation.

Unconformity between Late Cretaceous and early Tertiary in

western Puerto Rico—a concept rejected

Geologic mapping done in western-central Puerto
Rico by R. D. Krushensky suggested that evidence
previously thought to indicate the presence of a
major unconformity between rocks of Late Cre-
taceous and Eocene age is invalid because it was
based on the misidentification of a fault breccia as
a stratigraphic unit, the miscorrelation of two for-
mations, and insufficiently extensive areal mapping.

Mattson (1966) described a transgressive basal
conglomerate, later named the Miromar Formation
(Glover and Mattson, 1967), that marked a major
unconformity between rocks of the underlying
Achiote Conglomerate of Late Cretaceous age and
rocks of the overlying Cuevas Limestone of early
Tertiary age (Mattson, 1968a; Glover, 1971). Map-
ping in the Ponce quadrangle (Krushensky and
Monroe, 1975), however, indicated that the “Mira-
mar” is actually a slickenside-riddled breccia com-
posed of angular clasts of porphyritic andesite from
the underlying Achiote Conglomerate or mudstone

of the Maravillas Formation, algal calcarenite from
overlying allochthons of the Cuevas Limestone, and
a clay matrix. This breccia is identical in the field
and in continuous outcrop with ‘“megabreccia”
mapped in the Rio Descalabrado quadrangle (Glover
and Mattson, 1973). Both breccias are related in
origin to gravity gliding of the Cuevas, and both are
here considered fault breccia.

Farther west in the Monte Guilarte quadrangle
and surrounding quadrangles, geologic mapping in-
dicated, according to Krushensky and A. F. Curet,
that the rock mapped as the Robles Formation in
the Adjuntas and Bayaney quadrangles (Mattson,
1968b; Nelson and Tobisch, 1968) is lithologically
distinct from the Robles in the type area (Pease and
Briggs, 1960) ; it is, however, identical to the litho-
logically distinctive Maricao Basalt both in the
type area (McIntyre, Aaron, and Tobisch, 1970;
McIntyre, 1975) and as mapped in the Monte Guil-
arte quadrangle. The absence of a thick sequence
of lower through Upper Cretaceous rocks above
the Maricao—the “Robles’ of the Adjuntas and
Bayaney quadrangles—is therefore invalid as evi-
dence for an uncornformity, since the Maricao is
Late Cretaceous in age.

Mapping in the Monte Guilarte quadrangle also
indicated that the Yauco, Lago Garzas, and Maricao
Formations, known to be of Late Cretaceous age
in widespread areas, are interbedded with one an-
other and with the Anén Formation, known in the
type area to be of Eocene age (Mattison, 1968a;
1967). The Anén in the south-central part of the
Monte Guilarte quadrangle is overlain by the Mari-
cao and interbedded with the Yauco Formation;
there the Yauco contains Foraminifera of middle
Campanian through late Maestrichtian Age. In the
Maricao quadrangle (MclIntyre, 1975), the Mal Paso
Formation, an interbedded lithofacies of the Lago
Garzas and Anén Formations, contains fossils of.
early Eocene age. The Lago Garzas is at least in
part of Eocene age, and the Anén is in part of Late
Cretaceous age.

The recognition of the “Miramar Formation” as
a fault breccia and of the “Robles Formation” of
the Aduntas and Bayaney quadrangles as the Mari-
cao; the conformable interbedding of the Yauco,
Lago Garzas, Maricao, and Anon Formations; and
the Late Cretaceous through early Tertiary fossils
contained in the interbedded lithofacies suggest that
deposition in western-central Puerto Rico was con-
tinuous from the Late Cretaceous through the Eo-
cene,
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GEOLOGIC MAPS

Geologic map of Wyoming, scale 1 : 500,000, J. D.
Love, compiler.

A new geologic map of Wyoming is being compiled
in cooperation with the Geological Survey of
Wyoming. Sixteen 2° sheets at a scale of
1: 250,000 on topographic bases will be published
first in black and white as USGS miscellaneous
Field Studies maps and then scribed and pub-
lished in color by the Wyoming Geological Survey
in the State Survey map series. Finally, the USGS
will publish a single map in color at a scale of
1 : 500,000.

Geologic map of Colorado, scale 1 : 500,000, O. L.
Tweto, compiler.

A new geologic map of Colorado, begun in 1971,
was published in 1976 in a preliminary black-and-
white version (Tweto, 1976). The map is plotted on
a modern base that shows highways and 500-ft
contours; the final full-color sheet is in prepara-
tion.
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Geologic map of Alaska, scale 1 : 2,500,000, H. M.

Beikman, compiler.

The geologic map of Alaska was published in a
preliminary black-and-white version at a scale of
1: 1,000,000 in five segments (Beikman, 1974a, b;
1975a, b, Beikman and Lathram, 1976). It will be
published as a single multicolor map showing the
bathymetry of adjacent sea bottoms.

Quaternary map of the conterminous United

States, scale 1 : 1,000,000, G. M. Richmond, editor.

The Quaternary map of the conterminous United
States is being compiled in cooperation with var-
ious State geological survey and university per-
sonnel. Surficial deposits will be shown as well as
Quaternary volcanic rocks, Quaternary struc-
tures, and submarine deposits. The initial compi-
lations, now in progress in 32 States, will be on 50
sheets of the International Map of the World
(IMW) series at a scale of 1:1,000,000; only se-
lected maps at this scale will be published. The
final product will be a two-sheet map in color at a
scale of 1 : 2,500,000.



WATER-RESOURCE INVESTIGATIONS

The USGS conducts investigations, surveys, and
research on the occurrence, quality, quantity, distri-
bution, use, movement, and availability of the
Nation’s surface- and ground-water resources. This
work includes (1) investigations of floods and
droughts and their magnitude, frequency, and rela-
tion to climate and physiographic factors; (2) evalu-
ations of available waters in river basins and ground-
water provinces, including assessments of water
requirements for industrial, domestic, and agricul-
tural purposes; (3) determinations of the chemical,
physical, and biological characteristics of water re-
sources and the relation of water quality and sus-
pended-sediment load to various parts of the hydro-
logic cycle; and {(4) studies of the interrelation of the
water supply with climate, topography, vegetation,
soils, and urbanization. One of the USGS’s most
important activities is the systematic collection,
analysis, and interpretation of data for evaluating
the Nation’s water resources. These data are compu-
ter processed for storage, retrieval, and dissemina-
tion of water information.

The USGS is responsible for coordinating national
network and special water-data-acquisition activi-
ties and maintaining a central catalog of water
information for use by Federal agencies and other
interested parties.

Research is conducted to improve the scientific
basis of investigations in hydraulics, hydrology,
instrumentation, and the chemical, physical, and
biological characteristics of water.

Subjects currently under investigation or
researched recently by the USGS include the follow-
ing: (1) Properties of water—geochemistry, tempera-
ture, and water chemistry; (2) drainage, runoff, and
watersheds—flood plains, floods, frozen ground,
playas, and storm runoff; (3) evaporation, meteorol-
ogy, and precipitation—droughts, evapotranspira-
tion, glaciers, glaciology, ice and icing, snow, and
transpiration; (4) flow, hydraulics, and streams—
-availability of water, base flow, channel morphot-
ogy, culverts, drainage, floodflow formulas, flood
hazards, flood-inundation maps, fluid mechanics,

gaging, geomorphology, highway drainage, hydrau-
lic engineering, hydrodynamics, low flow, measure-
ment of streamflow and time of travel under ice, acid
mine drainage, overland flow, river basins, rivers,
seepage, storm drainage, stratified flow, streamflow,
stream classification, and water problems of the coal
industry; (5) ground water—aquifers, artesian aqui-
fers, artificial recharge, availability, carbonate-rock
hydrology, connate water, core sampling, dispersion
of contaminants, earthquake effects, electric-analog-
model studies, flow, geochemistry, geochronology,
geophysical logging, hot springs, hydraulics, hydro-
geology, hydrologic properties, interpretations,
investigations, levels, mapping, nuclear-explosion
effects, nuclear-waste disposal, piezometric maps,
pollution, pumping and pumpage rates, quality,
quantity, radiocarbon dating, research, resistivity
studies, saltwater intrusion, springs, subsidence of
land, test-well drilling, thermal water, use of water,
use of isotopes in investigations, waste disposal, and
wells; (6) soil water—soil moisture, soil-water move-
ment, and soil-water relationships; (7) lakes and
reservoirs—biology and ecology, eutrophication,
impoundments, lake levels, lake basins, limnology,
ponds, and stratification; (8) water and plants—
phreatophyte control, plant-water relationships, and
tree rings; (9) erosion, sedimentation, and
sediments-—reservoir-sedimentation, reservoir silta-
tion, siltation, sediment control, and sediment trans-
port; (10) quality of water—Dbiological and ecological
aspects of water chemistry, brine, chemical analy-
sis, geochemistry, inorganic constituents, kinetics,
radioactivity in water, salinity, solutes and solu-
tions, and trace elements; (11) estuarine problems—
biological and ecological problems, brackish water,
distribution of sediments and wastes, tidal studies,
transient flow, and upstream movement of saltwater;
(12) water use—agricultural use, aluminum industry,
copper industry, evaporation control, evapotranspi-
ration control, hydroelectric use, industrial use,
municipal use, petroleum industry, pulp and paper
industry, rayon- and acetate-fiber industry, styrene-
butadiene industry, surface- and ground- and waste-
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water use, synthetic-rubber industry, and water
requirements; (13) agriculture, irrigation, and
pesticides—movement in streams and ground water
of pesticides, water requirements, and water spread-
ing; (14) water management—flood control, manage-
ment of ground- and surface-water resources, and use
of models; (15) water-pollution effects, water-
pollution sources, and water quality—agricultural
sources of pollution, detergents in water, effect of
pollutants on aquatic life, industrial wastes, move-
ment of pesticides and other pollutants in streams
and ground water, pesticides in water, pollutant
identification, radioactive rainout, saline-water
intrusion, source of pollutants, temperature, and
thermal pollution; (16) waste disposal—radioactive-
waste disposal and waste-water disposal; (17) plan-
ning and water-resource development—devel-
opment of ground- and surface-water resources, flood
forecasting, river-basin planning, water budgets,
and water supply; (18) water law; (19)
environments—antarctic regions, arctic regions,
arid lands, deltas, deserts, karst terranes, swamps,
urban areas, and wetlands; (20) water-resource stud-
ies—appraisals, computer applications in water
research, data processing, evaluation, hydrologic
data, infrared application, instrumentation for
hydrologic studies and resource research, interpreta-
tions, investigations, mapping of ground water,
model studies, processing, publication, remote sens-
ing, reports, research, stochastic hydrology, tech-
niques for hydrologic studies and resource research,
and telemetry; (21) corrosion—well casings; and (22)
water cycle.

A significant part of USGS water-resource activi-
tiesis providing scientific and technical assistanceto
other Federal agencies. When USGS interests are
related to the interests of other agencies, USGS as-
sistance contributes to the efficiency of their pro-
grams and encourages the maintenance of high
standards of technical accomplishment.

The USGS develops ground- and surface-water
technology and the technologies necessary for
dealing with (1) the chemical, physical, and biologi-
cal properties of water and (2) the interrelation of
these water-quality properties within the environ-
ment.

During FY 1977, data on streamflow were collected
at 7,564 continuous-record discharge stations and at
8,736 lake- and reservoir-level sites and partial-rec-
ord streamflow stations. About 12,500 maps of flood-
prone areas in all States and Puerto Rico have been
completed to date, and about 900 pamphlets covering
areas susceptible to flooding have been published.
Studies of the quality of surface water were
expanded; there were 5,173 water-quality stations in

the United States and in outlying areas where
surface water was analyzed by the USGS. Parame-
ters measured include selected major cations and
anions, specific conductance or dissolved solids, and
pH. Other parameters, measured as needed, include -
trace elements, phosphorus and nitrogen com-
pounds, detergents, pesticides, radioactivity, phen-
ols, BOD, and coliform bacteria. Streamflow and
water-temperature records were collected at 4,067 of
the water-quality stations. Sediment data were
obtained at 1,222 locations.

Annually, about 500 USGS scientists report partic-
ipation in areal water-resource studies and research
on hydrologic principles, processes, and techniques.
There is a total of 1,988 active water-resource pro-
jects; 673 of the studies in progress are classified as
research projects. Of the current water-resource stud-
ies, 147 are related to urban hydrology problems.

In FY 1977, 546 areal appraisal studies were
carried out. Maximum and mean areas of the studies
were 3.077 million square kilometers and 79,720 km2,
respectively. Total areal appraisal funding was
about $28 million. Ground-water studies have been
made or are currently in progress for about two-thirds
of the Nation. Scheduled measurements of ground-
water levels were made in about 28,000 wells, and
periodic measurements were made in many thou-
sands of other wells. Studies of saline-water aquifers,
particularly as a medium for the disposal of waste
products, are becoming increasingly important, as
are hydrologic principles governing the occurrence of
brackish water in estuaries. Land subsidence owing
to ground-water depletion and the possibilities for
induced ground-water recharge are under investiga-
tion in areas where the land surface has settled
significantly. The effects of coal-mining activities on
both ground- and surface-water resources are being
intensively studied.

The use of computers—in research studies of hydro-
logic systems, in expanding data-storage systems,
and in quantifying many aspects of water-resource
studies—continued to increase during FY 1977.
Records of about 310,000 station-years of streamflow
acquired at about 10,000 regular streamflow stations
are sorted on magnetic tape, and data on about
440,000 wells and springs have been entered in anew
automated system for storage and retrieval of
ground-water data. Digital-computer techniques are
used to some extent in almost all of the research
projects, and new techniques and programs are being
developed continually.

The principal publications devoted to basic hydro-
logic data are the following series of USGS water-
supply papers: (1) “Surface-Water Supply of the Unit-
ed States,” (2) “Quality of Surface Waters of the
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D. L. Mazzaferro revealed an area favorable for
ground-water development southeast of River Glen,
in the town of Farmington, Conn., where the satu-
rated thickness of sand and gravel exceeds 30 m.
Farther southeast, saturated thickness may exceed
107 m, but data indicate that the materials in this
area are generally finer grained.

DELAWARE

A digital model was developed by P. P. Leahy to
simulate the effects of increased pumpage on the
Piney Point aquifer in Kent County, Delaware. The
model was calibrated by using pumpage records from
1970 to 1975. Calibration involved comparisons of (1)
simulated and interpreted potentiometric surfaces
and (2) simulated and observed hydrographs for
three observation wells. At 18 control points in
Delaware, the mean error between the simulated and
observed water levels was -0.67 m, with a standard
deviation of +1.46 m.

The calibrated digital model was used to predict
water levels that will result from three different de-
velopment plans. The model simulated 25 years of
pumpage estimates, and the results were shownin a
series of maps and hydrographs. The model predicted
the following:

® Under the 1975 stress of 0.12 m3/s, water will
stabilize at a minimum level of 46 m below mean
sea level at the center of the Dover cone of
depression and leave approximately 42 m of
available drawdown to the top of the aquifer.

® Proposed withdrawals of 0.26 m3/s, mainly in the
Dover area, will dewater updip areas of the
aquifer.

o If the aquifer is developed downdip (southwest of
Dover), a withdrawal of 0.24 m3/s will result in a
stabilized minimum water level of 82 m below
mean sea level at the center of the Dover cone and
leave about 6 m of available drawdown tothetop
of the aquifer.

INDIANA

Digital model for simulating the movement of leachate

R. A. Pettijohn used a solute-transport digital
model to simulate the movement of leachate through
the sand-and-gravel aquifer underlying a landfill at
Indianapolis, Ind. The difference between the con-
centration of dissolved solids in native ground water
and that in ground water from below the landfill was
used to estimate leachate content. Field data and
model analyses indicated that the movement of
leachate through the sand-and-gravel aquifer is
toward two industrial well fields located less than 1.6

km from the landfill. The results from the model
simulation indicated that the observed leachate
concentrations are approximately in equilibrium for
the distribution and rate of industrial pumpage in
1977. Model results alsoindicated that it took approx-
imately 3 years for concentrations to reach steady
state within the flow pattern from the landfill to the
industrial well field.

Saline ground water near Vincennes

R. J. Shedlock reported the discovery of moderately
saline ground water (specific conductance as much
as 14,000 pmho/cm at 25°C) near the municipal well
field in Vincennes, Ind., in the valley-train aquifer of
the Wabash River alluvium. Water with a chloride
concentration of as much as 4,000 mg/L is found in
the bottom 2 m of the aquifer. The saline water
constitutes a narrow plume that extends from the
well field to a point 1.6 km west of the well field. The
plume has been drawn toward the well field by the
cone of depression caused by pumping and has
prevented the city from using two new wells, one in
the plume and one near the plume. Nearby aban-
doned oil wells may be the source of the saline water.

Lineament mapping in limestone terrane

Jennings County is in the eastern karst region of
Indiana. The karst has developed on limestone and
shale of Silurian and Devonian age. T. K. Greeman
reported that dependable ground-water supplies are
not easily located within this area.

Surface lineaments in limestone may reflect the
pattern of subsurface joints and faults, which may be
conduits for the movement of ground water. Such
lineaments are being mapped from aerial phographs.
The maps should aid in locating adequate supplies of
ground water.

MARYLAND

Model compares predicted demands with availability of ground
water

A digital model was developed by F. K. Mack and
R.J.Mandle to help evaluate the availability of water
from the Magothy aquifer in the coastal plain of
Maryland. The model was used to determine whether
predicted water needs in the year 2000 in specific
places will be satisfied by local well fields.
Simulations indicated that there will be adequate
supplies only in some places. The availability of
water from the Magothy aquifer at a specific site is
directly related to transmissivity and available
drawdown at the site. Yields of wells will be greater in
eastern Anne Arundel and northern Calvert
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Counties, where transmissivity and available draw-
down are greatest. A lack of available drawdown, low
transmissivity, and the proximity of negative
hydrologic boundaries severely limit the availability
of water from the Magothy in the southern and
western parts of the project area.

Two-dimensional model of the Piney Point aquifer

A digital model of the Piney Point (Eocene) aquifer
in Maryland is being calibrated by J. F. Williams.
The Piney Point aquifer, composed of medium to very
fine sand, underlies both southern and eastern
Maryland (Delmarva Peninsula), more than 10,000
km? of the State. A large cone of depression centered
over Cambridge seems to be nearing steady-state
conditions after a water-level decline of more than
33 m. Transmissivity ranges from about 5 to 560
m2/d. The hydraulic conductivity of the upper confin-
ing bed seems to differ by 3 to 4 orders of magnitude
in a general north-south direction, the lowest values
(3x10-1° ¢cm/s) being in the northern part of the study
area. In order to gather data to calibrate the model,
the USGS installed 17 observation wells ranging in
depth from 60 to 183 m. Initial model runs indicated
that a large quantity of water is leaking into the
aquifer through adjacent confining beds.

Mainiand and offshore data on the Manokin aquifer and overlying
confining beds

Using acoustical profiles and data from an off-
shore core hole, J. M. Weigle mapped the Manokin
aquifer along an 11-km section seaward of Ocean
City, Md. Cores were taken from the principal confin-
ing beds in the offshore test hole and also in a test
well drilled at Ocean City. Water squeezed from cores
at both test sites had similar salinity profiles—water
in the upper 50 m was relatively saline, and water
below 50 m was relatively fresh (less than 1,000 mg/L
of dissolved solids). At Ocean City, water pumped
from the aquifer material was consistently fresher
than water from the confining beds. Since no water
was obtained from the aquifers at the offshore site, it
is not known whether this same relationship holds
there.

Saltwater monitoring of the Manokin aquifer at Ocean City

Seasonably variable chloride content of water in
the Manokin aquifer in the Ocean City area of
Maryland was reported by J. M. Weigle. Results of
monitoring wells indicated that chloride content is
proportional to rates of withdrawal; they are highest
in summer and lowest in winter. Although it fluctu-
ates seasonally, the chloride content of water from
observation wells in the lower part of the Manokin

has been increasing from year to year. These obser-
vations, together with the presence of a thick under-
lying confining bed with very low vertical hydraulic
conductivity, suggest that the toe of the saltwater
interface in the Manokin occurs beneath Ocean City
and that the interface is moving slowly landward in
response to withdrawal of ground water.

MASSACHUSETTS

Ground-water exploration on Cape Cod

A test hole drilled about 30 m from the shore of
Cape Cod Bay at Dennis, Mass., penetrated 96 m of
unconsolidated sediments saturated with fresh-
water, according to D. R. LeBlanc and J. H. Guswa.
Piezometers at depths of 46 and 89 m showed water
levels that ranged from 3 to 4 m above mean sealevel
through the tidal cycle. These piezometers were
located 12 and 55 m below a 6-m-thick confining layer
of very fine sand, silt, and clay. A piezometer
installed previously at a depth of 26 m, 3 m abovethe
confining layer, showed water levels that ranged
from 1to 2 m above mean sea level through the tidal
cycle. A piezometer at a depth of 5 m at this same
location showed a water level of 3.6 m above sea level
that was unaffected by tides.

Analyses of the results of an aquifer test in
Orleans, Mass., indicated that medium to coarse
sand at a depth of 17 to 20 m has a hydraulic
conductivity of approximately 91 m/d. A further
analysis, made by using a digital radial flow model of
the test results, indicated that the upper 11 m of the
aquifer has a lateral to vertical hydraulic conductiv-
ity ratio of about 2:1,

Assessment of ground water in the Shawsheen River basin

Sand-and-gravel aquifers capable of supplying 6 to
19 L/s of water to individual wells occur within the
unconsolidated deposits in the Shawsheen River
basin in northeastern Massachusetts, according to
F.B. Gay and D. F. Delaney. The aquifers generally
coincide with watercourses and are from 0.8 to 1.6 km
wide and from 3 to 6 km long. Zones within these
aquifers have enough volume and transmissivity to
sustain yields in excess of 19 L/s to individual wells
and, for the most part, have been developed to yield
much of their total capacity.

Ground-water quality is generally good throughout
the basin, and the water is suitable for most uses.
However, in many places, iron and manganese
exceed 0.3 and 0.05 mg/L, respectively. Iron and
manganese problems are most often reported for
wells in or near swamps.

Analyses of base-flow measurements for streams
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over 1 mi? (2.59 km?) show that the annual minimum
7-day mean flows range from 0to 1.22 (dm3/s)/km? at
10-year recurrence intervals. Variations in the
annual minimum 7-day mean flows at the 10-year
recurrence interval per unit of drainage area are
caused by diversions from pumping wells and differ-
ences in water storage and hydraulic conductivity of
the unconsolidated deposits that these streams
drain.

Water resources of Nantucket Island

Analyses of samples collected by E. H. Walker
during the past year showed that water on Nantucket
Island,Mass., is of excellent quality. Dissolved-solids
concentrations in ground water average about 80
mg/L. The principal dissolved constituents are chlo-
ride and sodium, which average about 25 and 14
mg/L, respectively. Bicarbonate, calcium, and sul-
fate are present in lower concentrations. The water
tends to be slightly acidic—pH averaged less than 6.5
for 14 of 17 measurements. Iron content averaged 0.3
mg/L. Some wells close to the shore tap brackish
water at shallow depths.

Water in the few brooks that drain swampy areas
contains 50 to 60 mg/L of dissolved solids, mainly
sodium and chloride. The brook water is highly acidic
(pH ranges from 3.6 to 5.5) and is a tea-brown color
owing to humic acids generated in the swamps.
Samples of bottom sediment from two brooks had 23
and 180 ppb of DDD and 53 and 90 ppb of DDT,
although these substances were last used in 1966 for
mosquito control.

Water in the inland ponds is fresh and low in
dissolved solids. The ponds along the eastern and
southern shores of Nantucket are brackish to salty,
owing to saltwater blown inland during storms and
to the ponds’ being opened to the ocean to lower their
water levels in the spring.

Results of deep drilling in Martha’s Vineyard

D. F. Delaney reported that preliminary results of
drilling a 260-m-deep test well near the center of
Martha’s Vineyard, Mass., as part of an evaluation
of theisland’s water resources indicated that only the
top 52 m of saturated deposits (from the water table to
58 m below land surface) contain materials with
sufficient permeability to be considered aquifers.

Preliminary analyses of cores (Ray Hall, oral
commun., 1977) indicated that the test hole pene-
trated glacial outwash composed of silty sand and
clay of Pleistocene age to depths of 46 m and pene-
trated pale-green sand and olive-green silt and clay of
marine origin and Tertiary age from depths of 46 to
73 m. Tertiary deposits are underlain by clay and

sand beds of Cretaceous age to a depth of 251 m. Red-
brown sandstone, probably of Triassic age, was
penetrated from depths of 251 to 262 m (the bottom of
the test hole).

Two aquifers in the upper 52 m of saturated
Pleistocene and Tertiary deposits extend from the
water table, 6 m below land surface, to a depth of
58 m. The upper water-table aquifer is about 24 m
thick and is composed of sand and gravel. A sequence
of silty sand and clay 8 m thick separates this upper
aquifer from an underlying sand aquifer, which
extends from depths of 38 to 58 m.

Core samples collected at 3-m intervals were exam-
ined for lithology and squeezed for field analyses of
salinity. Salinity of water samples squeezed from
cores and pumped from the test hole indicated that
freshwater extends from the water table to a depth of
158 m. There is a gradual increase in salinity below
the 158-m depth amounting to 3.9 ppt at a depth of
226 m. Seawater salinity near the island is 33 ppt
(H. B. Bigelow and Mary Sears, 1935).

Analyses of water pumped from wells in the upper
aquifer indicated that the chemical quality of the
water meets the minimum standards for drinking
water recommended by the EPA (National Academy
of Sciences, 1973). Analyses of water pumped from
wells tapping the lower sand aquifer, however, indi-
cated that iron concentration in water from the 47-m
depth is greater than 3 mg/L, and that from the 56-m
depth is greater than 5 mg/L; the EPA standard for
concentration of iron in drinking water is 0.3 mg/L.

Appraisal of ground-water quality on Cape Cod

F. B. Gay and M. H. Frimpter reported that a
reconnaissance of ground-water quality on Cape
Cod, Mass., indicated that the water is low in dis-
solved solids, soft, and slightly acidic. In the 15 Cape
Cod towns, domestic water is discharged to the
aquifer through septic systems and cesspools. Munic-
ipal sewerage systems discharge treated waste water
through filter beds to the aquifer, and solid waste is
placed in landfills in recharge areas.

Chemical analyses showed that samples collected
from 72 wells had mean concentrations of dissolved
solids of 71 mg/L, hardness of 21 mg/L, sodium of 13
mg/L, chloride of 22 mg/L, and nitrate-nitrogen of
0.54 mg/L; pH ranged from 4.2 to 7.3. Values of
nitrate-nitrogen greater than 0.20 mg/L suggested
contamination of wells by waste disposal or other
human activities.

Water from organic sediment deposits contains
hydrogen sulfide and, probably, methane. The gases
are generated in marsh deposits buried by wind-
blown sand. Water containing iron in excess of 0.3
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mg/L was found in 29 of 73 samples. The iron is
found where ground water is in a reducing environ-
ment, notably where the organic content of the
aquifer is high.

MICHIGAN

A study conducted by T. R. Cummings to determine
the relationship of agricultural land use practices to
the erosion of chemical and physical materialsin the
Upper St. Joseph River basin of Michigan estab-
lished baseline conditions against which future
changes can be judged. In cooperation with the
Michigan Department of Agriculture, 42 sites in the
303-km? drainage basin were sampled continually or
periodically. Data indicated a strong correlation
between surface runoff, the loads of various forms of
nitrogen and phosphorus transported, suspended-
sediment loads, and the use of land in small sub-
basins.

MINNESOTA

Ground water in Park Rapids area

An evaluation of the water-supply potential of a
2,000-km2 surficial outwash aquifer in the Park
Rapids area of Minnesota is being completed by J. O.
Helgesen. Well yields probably will exceed 60 L/s in
about 15 percent of the area, mostly in the northern
half. The surficial aquifer in much of the southern
part of the area is too thin to yield more than about 6
L/s to individual wells. An analysis of the natural
aquifer system, aided by a digital computer model,
indicated that long-term recharge, mostly from pre-
cipitation, averages 9 m3/s. About 95 percent of that
total is discharged from the aquifer to streams and
lakes, and about 5 percent is evaporated and trans-
pired. Current ground-water development does not
affect the water budget significantly. Completion of
the model analysis will define the aquifer’s long-term
potential as a water source by simulating aquifer
response to selected hypothetical pumping patterns.

Effects of copper and nickel mining on surface and ground water in
northeastern Minnesota

Streamflow in 1976 was monitored at 12 record
gaging stations and 10 periodic measurement sites in
northeastern Minnesota. According to P. G. Olcott
and D. W. Ericson, flow in several streams varied
widely. Floodflow in the Stony River, for example,
exceeded the 25-year recurrence interval in April, yet
the September flow was less than the 99-percentile on
the daily duration curve and was almost a 20-year
event on the 7-consecutive-day low-flow-frequency
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curve. New minimum flows of record were observed
on several streams, and many of the small streams
ceased to flow in late summer. These flows and
minimum flows measured during a 3-day low-flow
survey at 90 sites indicated a lack of basin storage in
much of the area where thin till overlies crystalline
bedrock.

In August 1976, a flow of 0.04 m3/s was moving out
of the Dunka River through outwash sand and gravel
into a nearby taconite mine. At least two other
streams had losing stretches owing to taconite min-
ing. A reservoir was contributing flow through
seepage to two streams in the area.

Ground water is available in moderate to large
quantities from thick outwash deposits in much of
the Embarrass and Dunka River basins. Several
other small outwash deposits will locally yield small
to moderate amounts of water to wells, but, in the
remainder of the area, yields from the thin clayey till
or crystalline bedrock are negligible.

Water in shallow aquifers is soft to moderately
hard and generally contains copper, nickel, and other
trace metals in concentrations of only a few micro-
grams per liter. Saline water having extremely high
concentrations of calcium, magnesium, sodium, and
chloride has been encountered at depth in mine
exploration holes in the Precambrian Duluth Com-
plex. However, the water is confined to small fracture
systems and has not been found in significant quan-
tities.

Ground water in central Minnesota

Increasing amounts of ground water are being
used for irrigation in sand-plain areas of Benton,
Sherburne, Stearns, and Wright Counties in central
Minnesota, where large-yield wells have been com-
pleted in unconfined surficial outwash aquifers.
According to G. F. Lindholm, test augering indicated
that, locally, the upper sand beds are as thick as 30m,
although in several areas they are too thin to support
large-yield wells. Where the unconfined aquifer is
inadequate, confined drift or bedrock aquifers are
possible sources of irrigation water. Cambrian
sandstones underlying the drift in the eastern part of
the study area are reliable sources of large quantities
of water. Granite underlies the drift in the rest of the
study area, and drift aquifers are the only possible
sources there of large water supplies.

Red-clay sediment and water-quality evaluation

E. G. Giacomini reported that three gaging
stations with sediment samplers were established in
the Elim Creek, Skunk Creek, and Deer Creek basins
of Minnesota. Stage-discharge relationships were
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established for the Elim Creek and Skunk Creek
stations, and sediment samples were analyzed.

Results of water-quality analyses done by G. A.
Payne showed the water to be a calcium bicarbonate
type. Total organic carbon content ranged from 6.1 to
23 mg/L, similar to that of other streams in north-
eastern Minnesota. None of the minor elements
exceeded concentrations recommended for public
water supplies.

An investigation is underway to determine the
relationship of the slumping of hillsides at gullies,
road cuts, and streams in the “red clay” area to
vertical-pressure differences of the area’s ground
water. R. J. Wolf established three piezometer nests
in an east-west line crossing Skunk Creek; two nests
were on upland areas, and one was in the creek
valley. In the eastern upland area, the potential
exists for upward ground-water movement, and,
possibly, for lateral ground-water movement toward
the creek in the western area. In the valley, the
potential exists for upward movement, but indica-
tions are that the upward movement would be sea-
sonal.

Minnesota streamflows approach record lows

The flows of some Minnesota streams during 1976
were less than those expected on an average of once
in 50 years. Using data from 100 continuous-record
stations not significantly affected by regulation,
K. L. Lindskov compared the 7-day 10-year low flows
for 1976 with those of other water years. Streams in
northeastern Minnesota, among them the Pigeon
River, experienced flows lower than those expected
once in 50 years. Streamflows in the central and
southwestern parts of the State were as low as those
expected once in 20 years, whereas flows in the north-
western and southeastern areas were not signifi-
cantly below normal. Although the 1976 flows
at 20 of the 100 stations were at or below previously
recorded minimums, the largest rivers generally
maintained flows above the critical low flows of the
1930’s. During 1976, the lower reach of the Missis-
sippi River experienced low flows expected oncein 20
years. However, the 7-day low flow of 27 m3/s, from
September 8 to 14,1976, of the Mississippi River at St.
Paul is comparable to the low flow of 21 m3/sin 1934,
The lower Minnesota and St. Croix Rivers and the
Red River of the North experienced low flows
expected once in 10, 5, and 2 years, respectively.

Surface resistivity aids in delimiting Buffalo aquifer

Preliminary interpretation of test holes and
surface-resistivity traverses to delimit the Buffalo
aquifer in Clay and Wilken Counties in Minnesota
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showed the aquifer to be more than 48 km long,
according to R. J. Wolf. Test holes showed that the
northern part of the Buffalo aquifer extends from
near land surface to a depth of about 46 m. An east-
west resistivity traverse near Dilworth showed that
the sand-and-gravel aquifer extends from 0.3 km
west of County Road 11 to 0.4 km east of South
Branch Buffalo River, a total width of 3.2 km; it also
showed a channel carved into the basement rock to
depths of 80 to 150 m. In the southern part, test
drilling showed that the aquifer extends from the
land surface to depths of 14 to 20 m. A 14-km re-
sistivity traverse near Wolverton indicated that the
western half of the section is predominantly clay and
that the eastern half is predominantly sand with
some clay. Thus, the Buffalo aquifer may be 7 km
wide in the southern part. Depth to basement along
the 14-km traverse ranges from 150 to 250 m, and the
basement slope from north to south averages 2.7
m/km,

NEW JERSEY

To qualify and quantify the nonpoint source
contaminants in storm runoff from Willingboro, a
planned residential community in southern New
Jersey, J. C. Schornick and D. K. Fishel selected
sample-collection sites where the residential area
could be subsampled to avoid agricultural input from
upstream. Five storm and three background samples
were collected and analyzed for as many as 65
parameters. Analyses of samples included both the
suspended and dissolved phases. Results indicated
that, although contaminant concentrations peak
during storms, the peaks are short lived, and concen-
trations of contaminants seldom exceed the limits
recommended by the USPHS for drinking water. The
only significant exception is the fecal coliform bacte-
ria count.

OHIO

In a study of the glacial-outwash aquifer in the
Miami River basin of Ohio, K. F. Evans collected and
analyzed water samples from 98 sites to determine
their inorganic and organic parameters in the first
half of 1976. The aquifer is heavily pumped, and
natural recharge is supplemented by artificial
recharge. Analyses of samples indicated locally high
iron concentrations of up to 5.6 mg/L, ammonia
nitrogen (as N) concentrations as high as 11 mg/L,
nitrate-nitrogen (as N) concentrations as high as 9.8
mg/L, total organic-carbon concentrations as high
as 71 mg/L, and dissolved-solids concentrations as
high as 1,260 mg/L.
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Over the entire study area, the water tends to be
very hard and high in dissolved solids; in general,
ground water in the vicinity of major industrial
centers appears to be slightly higher in dissolved
substances than ground water elsewherein the study
area.

A comparison of present and past chemical anal-
yses for certain sites indicated that some changes in
water quality have occurred at a few sites.

PENNSYLVANIA

Preliminary results of water-quality studies con-
ducted in the Tioga River basin of Pennsylvania by
J. R. Ward showed that the Tioga River receives acid
mine drainage near Blossburg from both strip- and
deep-mined areas. Alkaline water from numerous
tributaries, however, helps to neutralize the acid so
that, at a distance of 61 km downstream from
Blossburg, the river can support a diverse population
of aquatic life.

VERMONT

Near Rutland, Vt., along the western flank of the
Green Mountains, unconsolidated sand-and-gravel
deposits form aquifers capable of meeting some
municipal water demands. North-south-trending
structurally controlled stream valleys contain
mostly silt and clay from the damming of glacial melt
waters as glacial ice receded northward down the
valleys. According to R. E. Willey, high-capacity
wells could be developed in coarse-grained ice-
contact and glaciofluvial deposits in the major val-
leys and in what may be a lake spillway draining
westward.

VIRGINIA

H.T. Hopkins and S. M. Rogers determined, on the
basis of historical and recent water-quality data for
the area north of theJames River, that the position of
the freshwater-saline water interface in the Atlantic
Coastal Plain of Virginia agrees with that reported
by Sanford (1913). South of the James River, heavy
pumpage has caused the interface to move westward
to an area near the Virginia-North Carolina border.

WISCONSIN

Ground-water quality good in Wisconsin

The chemical quality of Wiconsin’s ground water is
generally very good throughout the State, according
to S. M. Hindall. However, in some areas, concentra:
tions of various constituents in ground water are
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high enough to cause problems. Iron, manganese,
and nitrate are the constituents most commonly
found in concentrations that exceed the maximum
concentrations recommended for drinking water;
others, such as high dissolved-solids, trace-element,
and phenol concentrations, however, may present
problems in some areas.

Proposed operation plan for Chippewa Flowage feasible

A proposal to stabilize the water level on Wiscon-
sin’s Chippewa Flowage and to limit seasonal water-
level fluctuations to 0.6 m was investigated by W. R.
Krug and found to be feasible. The proposal’s addi-
tional limitation—that discharge from the flowage
be maintained at between 1.6 and 200 m3/s—would
occasionally require the water level to fluctuate more
than 0.6 m. About once in 5 years, floods would
require the upper limit of the water level to be
exceeded slightly, and occasional winter low flows
would require the lower limit of the water level to be
exceeded.

SOUTHEASTERN REGION

During the past year, emphasis continued to be
placed on water-management studies throughout the
southeastern region. Studies in Florida involved
investigations of known aquifer systems to obtain
data that will be used by water-management groups;
the delineation of new ground-water sources was also
of major interest. Contrary to popular belief, the
Piedmont Province of Georgia may be an important
source of ground water; preliminary studies indi-
cated that wells with relatively large yields can be de-
veloped in contact zones between different rock
types. Abandoned coal mines in eastern Kentucky
appear to be potential sources of good-quality water.

Environmental problems in the southeastern
region also received a great deal of attention. In the
Albemarle-Pamlico Peninsula of North Carolina,
about 3,000 km?2 of swampland will have been cleared
and drained by 1980, owing to large-scale farming
activities; a regional lowering of the water table and
changes in streamflow and evapotranspiration are
anticipated. In Florida, the effects of sewage effluent
and solid-waste disposal on ground-water quality
continued to be of major interest; initial tests were
made on several deep-well sewage-effluent storage
systems. On the southern coast of Puerto Rico, a
study is underway to determine the potential benefits
or deleterious effects of using sewage effluent to
irrigate the water-short alluvial plain.
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FLORIDA

Chloride concentration increases with depth of penetration in
Suwannee Limestone

Water samples collected from wells tapping the
Oligocene Suwannee Limestone in Florida’s upper
Ochlockonee River basin showed that chloride con-
centrations increased significantly with sampling
depth, according to C. A. Pascale. For example,
chloride concentrations increased from 85 mg/L at a
depth of 120 m (the top of the Suwannee) to 1,000
mg/L at a depth of 180 m in an irrigation well in the
western part of the basin and from 150 mg/L at a
depth of 130 m to 750 mg/L at a depth of 180 m in a
municipal well in the central part of the basin.

Water resources of northwestern Florida adequate until the year
2020

J. E. Dysart reported that 16 counties in north-
western Florida apparently will have adequate water
until the year 2020. In the four westernmost counties,
the sand-and-gravel aquifer and the streams can
provide 96 to 158 m3/s of water. Streams in the
remaining 12 counties can provide about 250 m3/s,
and the Floridan aquifer can provide about 10 m3/s.
Generally, water of quality suitable for most pur-
poses is available throughout the area, although
water in some streams and in the sand-and-gravel
aquifer is acidic and locally contains excessive iron.
Water in the upper part of the Floridan aquifer is
generally fresh, although it becomes saline at depth
and in some coastal areas.

The quantity of water availablein the study area is
about 356 to 418 m3/s, and projected needs for the
year 2020 range from 110 to 181 m3/s.

Sewage-effluent disposal by spray irrigation in Tallahassee

One month after spray irrigation of sewage efflu-
entwasdiscontinued in Tallahassee, Fla. (July 1974),
ground water in the upper limestone immediately
beneath the application site showed considerable
chemical recovery; the total nitrogen concentration
dropped from 18 to 8.8 mg/L in 1 month and con-
tinued to decrease until the effluent was again ap-
plied in April 1976.

It appears that the rate of movement of the effluent
plume.decreases with distance. As L. J. Slack (1975)
previously reported, the effluent plume moved about
550 m in 9 months. During the past 3"z years, the
plume has not moved the additional 670 m to the
nearest downgradient observation well, unless it is
moving below the zone sampled, according to Slack.

Suppiemental ground water for Jacksonville

L. V. Causey reported that preliminary results
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from pumping tests indicated that the shallow aqui-
fers in the Jacksonville area of Florida are important
supplemental sources of freshwater. The water meets
USPHS drinking-water standards except at a few
sites where concentrations of iron exceed 0.3 mg/L.
At 13 sites, test wells 51 mm in diameter were drilled
into the semiconfined to confined rock aquifer to
depths ranging from 14 to 70 m; water levels ranged
from 1 to 4.5 m below land surface; and estimated
maximum yields ranged from 1.3 to 12.6 L/s. Wells
drilled into the surficial sand aquifer at each site
ranged from 3 to 8 m in depth; water levels ranged
from 0.3 to 3 m below land surface; and yields seldom
exceeded 0.6 L/s.

Computer model of Floridan aquifer in northeastern Florida

The latest computer runs of a detailed finite-differ-
ence computer model of the Floridan aquifer in north-
eastern Florida, designed by G. W. Leve and G. G.
Phelps, indicated that this model is nearly cali-
brated. Although no predictions have yet been made
with the model, preliminary results indicated that
the hydraulic conductivity of the overlying beds
confining the Floridan aquifer varies widely and is
greater in many areas than investigators had
supposed. Analyzing the complex leakage relation-
ships between the Floridan aquifer and the confining
beds has been the most difficult problem in calibrat-
ing the computer model.

Test drilling (coring) into the confining beds was
completed, and the cores were analyzed. Laboratory
values of the hydraulic conductivity &’ of the confin-
ing beds, values determined from pumping tests, and
values estimated from the computer model for one
site were:

K,

Method m/d
Pumpingtest .........ccoiiiiiiii e 1.12x102
Computermodel ...ttt 9.14 x 10*
Laboratory analysis:
Marl .. e, 2,98 x 1073
Clay ot e, 1.88 x 107
Clay oot e e e 2.98 x 10~°

Differences in the values are probably explained by
the fact that pumping tests and estimates from
modeling yielded a composite value for the entire
overburden, whereas laboratory analyses gave sepa-
rate values for the different lithologic components of
the confining layers.

Information about the hydraulic conductivity of
the confining layers is useful in estimating the
amount of recharge contributed to the aquifer by
leakage through these confining beds. Hydrologic
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budgets indicate that about 0.95 to 1.14 hm3/d is
being withdrawn from the aquifer in the Jacksonville
area, and only about 0.076 hm3/d flows into the area
from the principal recharge area. Rough calculations
show that, if there were a deficiency of 0.87 to 1.06
hm3/d, water levels in Jacksonville would drop
approximately 1 to 2 m/yr. Measured water-level
declines of about 0.5 m/yr indicate that additional
recharge must come from leakage through the confin-
ing beds.

Geohydrology of Tamiami Formation in Hendry County

A test-drilling program in a 470-km? area of west-
ern Hendry County, Florida, was undertaken by T. H.
O’Donnell to locate and evaluate potential sources of
potable water in the lower Pliocene Tamiami Forma-
tion. Two water-bearing zones were encountered. A 3-
to 7.5-m thick limestone occurring at depths between
45 and 60 m was encountered throughout all but the
eastern edge of the study area. Yields of 250-mm-
diameter wells that tap this zone are as much as 50
L/s. A second zone of medium to coarse quartz sand
and gravel ranges in thickness from 6 to 15 m and
occurs at depths between 75 and 90 m along the
eastern edge of the study area. The 200-mm-diameter
wells that tap this zone yield as much as 32 L/s.
Concentrations of dissolved solids in both zones
range from 300 to 900 mg/L.

Potential for using a shallow aquifer system by means of connector
wells

The shallow aquifer system underlying the 3,238-
km? upper Peace and eastern Alafia River basins in
central Florida consists of an unconfined surficial
sand aquifer and an underlying confined limestone
aquifer. Over most of the area, the shallow aquifer
system is hydraulically separated from the underly-
ing Floridan aquifer by sand and clay confining
beds.

C. B. Hutchinson reported that the shallow aquifer
system could be developed by means of withdrawal
wells tapping the Floridan aquifer and gravity-flow
connector wells between the shallow aquifer system
and the Floridan aquifer. About 2,400 km?2 of the
surficial aquifer and about 2,600 km? of the limestone
aquifer are suitable for such development.

Waste-injection zone identified

dJ. J. Hickey reported that detailed hydrogeologic
analyses of the McKay Creek test-injection site in
Pinellas County, Florida, identified a potential
waste-injection zone in dolomite at a depth of 296 to
311 m. The capability of this zone to accept and
contain injected waste effluent was established by an
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83-hour withdrawal test at 264 L/s and a 2-month
injection test at 44 L/s. The interface between fresh-
water and saltwater is estimated to be 85 m below
land surface.

Water supplies from the Withlacoochee and Weeki Wachee Rivers

W. C. Sinclair reported that a diversion of 5.7 m3/s
from the Withlacoochee River near Dunnellon, Fla.,
is feasible on a perennial basis. Saltwater encroach-
ment in the lower Withlacoochee River may increase
during periods of extreme low flow (discharge less
than 14 m3/s).

Analyses of the frequency of the annual low flow of
the Weeki Wachee River indicated that diversions of
one-third of the minimum flow could not be sustained
over a 5-year recurrence interval without depleting
the river below the average annual minimum.

Saltwater intrusion in Citrus and Hernando Counties

Chloride concentration is increasing in water from
wellsnear the coastin Citrus and Hernando Counties
in west-central Florida. L. R. Mills and P. D. Ryder
reported that the greatest increases in chloride
concentrations are occurring in urban areas of the
two counties. The major causes of the increased
chloride concentrations are construction of canals to
provide access to the gulf, deficient rainfall over the
past decade, and increased ground-water pumpage.
Saltwater intrusion extends farther inland in Citrus
County than it does in Hernando County because
urbanization and resultant ground-water pumpage
are greater in Citrus County.

Water resources of St. Lucie County

Increasing urbanization and agricultural
activities in St. Lucie County, Florida, have
increased stresses on the water resources of the
Canal-23, Canal-24, and Canal-25 basins, according
to W. L. Miller. Surplus water from extensive irriga-
tion by more than 1,000 wells with highly mineral-
ized water from the artesian Floridan aquifer.and
heavy applications of fertilizers and pesticides have
increased contaminants and mineral concentrations
in the area’s surface water and shallow aquifer
system. Increased water demands in coastal urban
areas may cause saltwater intrusion in municipal
well fields tapping the shallow aquifer system.

Water resources of Palm Beach County

Investigations conducted by H. G. Rodis, L. F.
Land, W. B. Scott, and J. J. Schneider (Rodis and
Land, 1976; Scott, Land, and Rodis, 1977) indicated
that the shallow aquifer in Palm Beach County
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supplies more than 90 percent of all drinking water
and much of the water used by industry and agricul-
turein the eastern part of this Florida county. In most
of the county, the aquifer consists of sand, sandstone,
limestone, and shell or mixtures of these materials.
An elongated north-south-trending area several
kilometers inland from the coast is composed of
cavity-riddled sandy limestone. This part of the
shallow aquifer, approximately 5 km wide and
extending almost the entire length of the county,
offers excellent potential for development of future
ground-water supplies.

In recent years, ground-water levels in parts of the
county have been lowered as a result of large ground-
water withdrawals and drainage, and, as a conse-
quence, saltwater has made some inland advances
into the shallow aquifer. The growing problem of
saltwater intrusion is generally the factor limiting
well-field development along the coastal area.

The concentration of dissolved solids in water from
the shallow aquifer in the eastern part of the county
is generally less than 500 mg/L. These concentra-
tions tend to increase with depth toward the east.
Potable-water supplies from the shallow aquifer are
very limited in the western half of the county.

Movement of leachates to ground water in Broward County

Analyses of water samples from test wells drilled
adjacent to percolation ponds at five sewage-
treatment plants in Broward County, Florida, indi-
cated some movement of leachates from the ponds
into the ground water, according to H. W. Bearden.
Sodium, chloride, and nutrients appeared to be the
best indicators. Analyses of samples taken at the
Davie landfill indicated that some contamination of
ground water occurred in an area near the sludge-
disposal pit.

Search for water in the Florida Keys

Geophysical data from a 650-m-deep test well at
Marathon in the lower Florida Keys suggested that
there is brackish artesian water between depths of
290 and 380 m and at 530 m, according to F. W. Meyer.
The Florida Keys Aqueduct Authority isinterestedin
the upper brackish zone as a possible source of
brackish water for desalting by a reverse-osmosis
process.

On nearby Big Pine Key, C. E. Hanson has begun a
study to determine the maximum sustainable water
yield from a lens of freshwater that is a major source
of water for the island. Seasonal horizontal and
vertical chloride gradients are being monitored to
determine the boundaries and volume of available
potable water. It appears that the shape and thick-
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ness of the freshwater lens is influenced by the
Ghyben-Herzberg relationship, the stratification of
limestone in the aquifer, and the dredging of finger
canals in the aquifer.

GEORGIA

Quality of ground water from Cretaceous aquifers in Georgia

Cretaceous formations in the Georgia coastal plain
are exposed south of the Fall Line where they overlap
the crystalline rocks of the Piedmont province.
According to L. D. Pollard and R. C. Vorhis, water
near the surface in the recharge (exposed) area is
typically low in dissolved solids and pH. As the water
moves downgradient, dissolved-solids concentration
and pH increase, and the water becomes enriched in
sodium and bicarbonate ions. With increased depth
from the surface or distance downdip from the
outcrop, the water has increasingly higher concen-
trations of sodium and chloride ions. Freshwater
with a chloride concentration of less than 250 mg/L
can be obtained from Cretaceous aquifers 100 to 190
km downdip from the outcrop area to depths ranging
from 300 to 750 m below sea level.

Quality and availability of ground water in Georgia

A study of ground-water quality conducted by L. D.
Pollard and C. W. Cressler showed that most of
Georgia’s ground water is suitable for agricultural,
industrial, and public supplies. The Coastal Plain
province, where yields range from 3 to 315 L/s, has
the greatest potential for ground-water devel-
opment. In the Valley and Ridge province, the
Cumberland Plateau, and the Piedmont province,
yields are as large as 63 L/s but generally are from
0.6 to 3 L/s.

Quality of storm runoff in the Atlanta area

J. B. McConnell reported that concentrations of
total nitrogen, phosphorus, and organic carbon
varied less than twofold during a November 1976
storm-runoff event at most measurement sites in the
Atlanta urban area of Georgia. The overall concen-
tration range of all storm-runoff samples collected
was 0.55 to 5.3 mg/L of total nitrogen, 0.08 to 1.0
mg/L of total phosphorus, and 4.7 to 14 mg/L of total
organic carbon. The greatest concentrations were
measured at combined sewer overflow sites. In the
Chattahoochee River, a major receiving stream in
the area, nutrient concentrations were significantly
higher downstream of the Atlanta urban area.

Lead and zinc were the most abundant trace metals
detected; concentrations ranged from 8 to 80 mg/L



106

and from 10 to 150 mg/L, respectively. At all sites
sampled, pesticide concentrations were below the
detection limit, and DO concentrations were at or
near saturation values.

High-yield wells in the Atlanta area

Because of their low permeability, the crystalline
rocks of Georgia’s greater Atlanta region have the
reputation of furnishing only small quantities (0.1 to
2.0 L/s) of ground water to wells, according to C. W.
Cressler. As a result, many engineering firms and
consultants consider wells to be impractical sources
of industrial and public water supplies. Thus, the eco-
nomic growth of the part of the metropolitan Atlanta
area not served by public water systems has been lim-
ited.

Contrary to popular belief, a large number of wells
in the Atlanta metropolitan area yield between 6.3
and 30 L/s. A study of 30 such well sites revealed that
a few wells derive water from zones of fracture
concentration, but most tap permeable contact zones
between rock types of contrasting characters. The
largest yields come from contacts between quartzite
and amphibolite or gneiss, granite or gneiss and
amphibolite, granite or gneiss and schist, and
amphibolite and schist. By determining the exact
locations and attitudes of such contact zones and by
selecting sites in topographic settings that favor
recharge, it should be possible to develop well sup-
plies of 5 to 30 L/s throughout much of the Atlanta
area.

Low-flow analyses of regulated streams

R. F. Carter found that obtaining accurate results
from analyses of low flows of streams below major
reservoirs in Georgia requires omission ofrecords for
the first few years of reservoir operations. Character-
istically, during the first few years of operation, a
large hydroelectric reservoir requires much testing
and adjustment and produces downstream flow
conditions that are quite different from the stand-
ardized regimen of flow in later years.

Minicomputer for processing ground-water data

Several programs written for desk-top computer-
plotters by D. N. Ku and R. E. Krause were used to
process historic data and to maintain current data on
ground-water levels, water quality, and precipitation
in Georgia. Although various types of graphs and
tables are the principal output, polynomial-
regression plots also can be made. The use of these
programs has made reports much more timely and of
“publication” quality.

GEOLOGICAL SURVEY RESEARCH 1977

KENTUCKY

Significant quantities of relatively good quality
water are available from abandoned coal mines in
Johnson and Martin Counties, Kentucky, according
toD. S. Mull (USGS) and Steve Cordiviola (Kentucky
Geological Survey). Drift mines that have been
abandoned for 30 to 40 years yield as much as 48 L/s
of water. Water from several mines has less than 250
mg/L of total dissolved solids; sulfate and iron
concentrations are as low as 34 and 0.03 mg/L,
respectively.

MISSISSIPPI

Scour at bridges on Mississippi highways created
maintenance problems for more than 30 years,
according to K. V. Wilson, who developed case
histories at 40 sites for a Federal Highway Adminis-
tration research project. Ten of the sites were along
channels that were altered by the U.S. Army Corps of
Engineers or the Soil Conservation Service. Counter-
measures to correct scour problems included using
earthen-spur dikes, masonry-spur dikes, riprap,
timber-pile jetties, steel-pile jetties, timber-pile re-
tards, and car-body retards and planting willow
trees. Some bridge foundations were reinforced, some
bridges were lengthened, and, on occasion, some
bridges were reconstructed. Many of the countermea-
sures failed, but many survived floods larger than
those that had created scour problems. Earthen-spur
dikes were found to be quite effective in causing the
scour to be located at the upstream ends of the dikes
rather than near bridge abutments.

NORTH CAROLINA

Hydrologic effects of land clearing and drainage, Albemarle-
Pamlico Peninsula

C. C. Daniel reported that a USGS cooperative
study with the North Carolina Department of Natu-
ral and Economic Resources is underway to deter-
mine the hydrologic effects of land clearing and
drainage on the 4,900-km2 Albemarle-Pamlico Penin-
sula in eastern North Carolina. Although farmingin
the region began in colonial times, land clearing has
only recently become so extensive and occurred at
such a rate that the effects of this activity upon the
hydrology of the region have become a major con-
cern. In the years prior to 1959, less than 520 km? of
land had been cleared and placed under cultivation.
By 1973, approximately 1,100 km2 were under culti-
vation, and, on the basis of the preliminary plans of
large corporate farms, more than 2,000 km? will be
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cleared and drained for intensive farming and live-
stock production by 1980.

This rapid development provides an opportunity to
compare the hydrologies of cleared and uncleared
areas and to observe the changes that occur in
hydrologic characteristics and water quality during
the conversion of areas from a natural state to a
completely developed state. The emphasis during de-
velopment has been to remove excess water by
digging canals and grading the land surface. Land
clearing and drainage also have resulted in a
regional lowering of the water table, changes in
stream (canal) runoff, and, possibly, changes in
evapotranspiration losses.

According to Daniel, preliminary results of a study
of a forested site northeast of Pungo Lake showed
that construction of drainage canals, a minimum of
402 m apart, lowered ground-water levels in an
organic muck soil by several meters. Subsidence due
to drying of these muck soils was also observed along
canal banks. Analyses of water samples from the
surrounding canals showed that the water is low in
dissolved solids, high in organic constituents, and
acidic; pH values of samples collected during 1976
ranged from 3.6 to 5.6.

Water budget of a small coastal plain watershed

A water-budget study of a small coastal plain
watershed in eastern North Carolina showed that the
area’s precipitation is accounted for by overland
runoff (17 percent), base runoff (20 percent), ground-
water outflow (2 percent), and evapotranspiration (61
percent). The investigation was designed to deter-
mine changes in the hydrologic regime of and
changes in the surface-water quality of Creeping
Swamp (Beaufort, Craven, and Pitt Counties) that
would be caused by stream channelization. Accord-
ing to M. D. Winner, Jr., and C. E. Simmons (1977),
hydrologic data were collected for 4 years at six sites
in the project area before the plans for channelizing
Creeping Swamp were cancelled. The study indicated
that the greatest decline in ground-water levels
caused by channelization would have occurred near
the stream, and the decline would have diminished as
distance from the stream increased. It is believed that
dry periods in this area are not long enough to allow
the effects of channelization to reach the ground-
water divide before the aquifer is recharged. Chan-
nelization also would have resulted in a decrease in
overland runoff and an increase in the amount of
water reaching Creeping Swamp through the
ground-water system, although there would have

. been little, if any, change in the total annual runoff.
Because the concentrations of some chemical constit-
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uents in ground water are greater than those in
surface water in the area, there would have been a
general increase in these constituents in surface
water after channelization.

PUERTO RICO

Artesian water-pressure drop in the Montebello Limestone aquifer

Water pressures in the Montebello Limestone
aquifer in Puerto Rico have diminished owing to a
high rate of water withdrawal and, possibly, dam-
age to the aquifer, according to J. E. Heisel and J. R.
Gonzalez. The Montebello Limestone Member of the
Tertiary Cibao Formation was hailed as a valuable
and extensive aquifer when artesian pressures were
discovered there in 1968. In 1976, there were 11 wells
tapping this aquifer; 4 of these wells also tapped
another deeper artesian aquifer. The four dual com-
pletion wells were designed and installed so that the
aquifers would be kept hydraulically separate. Eight
of the 11 wells are in an area 4.0x6.4 km. Head drops
in wells tapping the Montebello range from 76 m in
the center of the area to 22 min a wellremote fromthe
area of major withdrawals.

The well that had a head loss of 22 m had a specific
capacity of 0.027 (L/s)/m at a flow rate of 11 L/s in
August 1972, but the same well had a specific capac-
ity of 0.035 (L/8)/m at a flow rate of 11 L/s when it
was retested in June 1975.

The well that had a head loss of 76 m had specific
capacities of 2.2 (L/s)/min July 1973 and 2.1 (L/s)/m
in March 1975, an indication that a change in specific
capacity did not take place in all parts of the aquifer.
Pressure in this well dropped 16 m in 1 month. (The
same type of dramatic change occurred to a lesser
extent in other deep wells.) The well continues to lose
pressure even though no withdrawals are being made
from it, and all nearby wells have a higher pressure.
The continued loss of pressure indicates that thereis
a discharge from the well, probably to the water-table
aquifer in the vicinity of this well, which is completed
in the two artesian aquifers. It is evident that thereis
no leakage between the two artesian aquifers—
pressures in the deeper artesian aquifer are not
affected at the well and remain higher than thosein
the Montebello.

Sewage effluent for irrigation and recharge near Fort Allen

A study of the use of secondary treated sewage
effluent for irrigation and ground-water recharge is
being made by J. R. Diaz at Fort Allen on Puerto
Rico’s southern coastal plain. Two test plots—a
circular plot 30 m in diameter planted to Guinea
grass and a rectangular plot 27x37 m planted to
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sugarcane—are being used. Effluent is applied by
gun sprinkler to the Guinea grass and by furrow
flooding to the sugarcane. From mid-September
through December 1976, 100 mm of effluent was ap-
plied each week. During that time, rainfall totaled
270 mm, 244 mm of which fell in September and
October. Twenty suction lysimeters were installed in
the unsaturated zone at depths ranging from 1 to 3m
below land surface, but, by the end of December,
water had been recovered from only one lysimeter at
a depth of 1 m. The chemical quality of the recovered
water was similar to that of the sewage effluent.
Initial results of the investigation suggested that
most of the water applied is being returned to the at-
mosphere as evapotranspiration, and the remainder
is being retained as soil moisture at depths of less
than 1 m.

SOUTH CAROLINA

L. R. Hayes reported that test drilling in South
Carolina’s Colleton and Hampton Counties showed
that the limestone aquifer present in Beaufort,
Hampton, and Jasper Counties is not present or is
very different in lithologic character in Colleton
County, which lies to the north of the other three
counties. This limestone aquifer crops out in the
northwestern part of Hampton County and in places
appears to have been eroded away. Geohydrologic
data indicate that significant local recharge to the
limestone aquifer is taking place in the northwestern
part of Hampton County and in parts of Beaufort
County.

The limestone dips in a southeastern direction and
is about 35 m below land surface in the vicinity of
Hilton Head, S.C., but exceeds depths of 60 m in
southern Jasper County near the South Carolina-
Georgia State line. Yields to wells are less than 0.6
L/s in the outcrop area of the aquifer but exceed 60
L/s in southern Jasper County and in the vicinity of
Hilton Head.

Ground-water withdrawals in Colleton County are
mainly from lower Tertiary sediments that occur at
depths of about 100 m in the northern part of the
county and at depths of 200 m in the southern part of
the county. The city of Walterboro in Colleton County
has two wells open to sediments of Late Cretaceous
age (at depths of about 500 m) that supply a natural
flow of 75 L/s of good-quality water. Near Brickyard
Point in Beaufort County, a limestone unit about 235
m below land surface may be a source of potable
water.

CENTRAL REGION
Hydrologic studies related to energy development
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and environmental problems were again strongly
emphasized in the central region. Long-established
programs for the collection and publication of diverse
water-resource data continued. Intensive water-re-
source investigations related to coal and oil-shale de-
velopment continued in Colorado, Montana, New
Mexico, North Dakota, Oklahoma, Utah, and Wyom-
ing.

The program for monitoring the water resources of
major Federal coal-lease areas was augmented by the
addition in six States of more than 70 streamflow and
surface-water-quality measuring sites and about 200
ground-water-observation wells. This augmented
monitoring program is to be operated by consulting
and engineering firms under contract to the USGS.

A regional study of the hydraulic and hydrologic
characteristics of the Mississippian Madison Limes-
tone aquifer system in the Powder River basin of
Montana, North Dakota, South Dakota, and Wyo-
ming was advanced by the completion of a deep test
well in northeastern Wyoming at about 1,500 m
below land surface. A second deep test well, started in
southeastern Montana during the year, is expected to
be completed at a depth of nearly 3,500 m.

Water-quality studies in the coal areas of Colorado,
Iowa, Montana, New Mexico, North Dakota, Okla-
homa, Utah, and Wyoming continued throughout the
year. Many of these studies were designed to define
existing water-quality conditions prior to mining;
however, some of the studies were designed to provide
information on factors that control the quality of
surface and ground water. These energy-related
water-quality investigations included studies of sedi-
ment, bed material, and water chemistry. Studies of
the aquatic biota in relation to physical and chemical
water-quality changes were initiated in Colorado and
Utah.

The quality of water draining urban areas received
attention in several States in the central region,
especially Colorado, Missouri, and Texas. In Joplin,
Mo., a study to determine the quality of water
draining mine-tailing piles was completed. The study
covered not only the concentrations of specific chemi-
cal constituents but also their concentrations in
relation to runoff volume. Chemical-equilibrium
modeling techniques were used in the mine-tailing
study to better understand surface water-ground
water relationships.

Algal production, geochemistry, and seasonal
changes in chemical and thermal regimes were
studied in lakes and reservoirs in Utah and Wyo-
ming.

Throughout the region additional flood-prone
areas were mapped. HUD type-15 flood-insurance
studies were made at many sites during the year.
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Flood-frequency studies were completed in Colorado,
Louisiana, Nebraska, Oklahoma, Texas, and Wyo-
ming. Programs to study scour in rivers at and near
bridges continued in Arkansas, Kansas, and New
Mexico.

Anomalous changes in the stage-discharge rela-
tionship of the Mississippi River near St. Louis, Mo.,
are being investigated cooperatively with the U.S.
Army Corps of Engineers. Recent flooding produced
some of the highest stages of record, discharges being
identified with a flood-recurrence interval estimated
to be only 10 to 25 years. Methods of measurements
used in the late 1800’s are being compared with
modern-day methods to determine whether differ-
ences exist that would explain the unusually high
flood stages.

Channel-geometry studies were continued in sev-
eral States in the central region; one special study of
channel geometry in the entire Missouri River basin
was completed, and a comprehensive report was
prepared.

Special studies were made of the disastrous flood of
July 31-August 1, 1976, on the Big Thompson River
in central Colorado. As much as 30 cm ofrain fellin a
period of 5 hours; the resulting flood caused the
deaths of at least 139 persons and property damage of
about $16.5 million. Summary reports were issued,
and work was begun on a comprehensive report in
cooperation with other Federal agencies.

Ground-water studies emphasized the evaluation
of sources to supplement drought-related low stream-
flows. Studies of ground water in stream valleys as
supplemental supplies and of the relationship
between ground- and surface-water flow are under-
way in lowa and South Dakota. Mathematical mod-
els were used in studies to define ground-water flow
systems in the Houston area of Texas, in the Roswell
basin of New Mexico, and in the Ogallala aquifer of
western Oklahoma, western Nebraska, and eastern
Colorado.

COLORADO

Water-level changes in the northern High Plains of Colorado

Water-level-change maps for 1964-76 and 1972-76
of the northern High Plains of Colorado, prepared by
R. G. Borman and T. J. Major, showed that therate of
water-level declines has increased. Changes ranged
from a maximum rise of 4.9 m for both periods to a
maximum decline of 12 m from 1964 to 1976 and a
maximum decline of 9.8 m from 1972 to 1976. Areas
where the aquifer is thin and where little irrigation
pumpage occurred generally had water-level rises of
less than 2.4 m. Areas where substantial irrigation
pumpage occurred generally had maximum declines
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of 4.9 m from 1964 t0 1976 and 2.4 m from 1972 to 1976.

Surface-water-quality inventory in northwestern Colorado

Currently, a water-quality investigation of north-
western Colorado is being conducted by L. J. Britton
to determine present water-quality conditions in
streams and, in some instances, to identify local
water-quality problems and goals for a six-county
area. Because the study areais undergoing increased
population growth and tourism, a water-quality
management program has become imperative.

Chemical and biological analyses of samples col-
lected from 83 sites during the spring and summer of
1976 indicated that surface water in the region
generally is suitable for most uses. Trace-metal
concentrations that exceed USPHS drinking-water
standards were found in some streams where thereis
mining activity. DO concentrations were greater
than 6 mg/L and saturated in all streams except
those in Jackson County, where undersaturated
conditions occurred. Total coliform bacteria ranged
from less than 1 to 1,000 colonies/100 mL in water
from the Fraser River below Tabernash in Grand
County.

Effects of the proposed Narrows Reservoir on the adjacent aquifer

A. W. Burns and J. B. Weeks (1976) used a digital
model to estimate the effects of the proposed Narrows
Reservoir on the alluvial aquifer adjacent to the
South Platte River near Fort Morgan, Colo. Changes
in ground-water discharge to the river caused by the
proposed reservoir were estimated, steady-state con-
ditions being assumed. The proposed reservoir was
simulated for two different reservoir-pool altitudes.
For the conditions simulated, the principal effects of
the proposed reservoir on the ground-water system
would be an increase in water-table altitude in the
aquifer and a redistribution of ground-water dis-
charge to the South Platte River. '

The results of the model study indicated that the
proposed reservoir would cause water-level changes
in the aquifer between Fort Morgan and the proposed
dam. Thechangein water level at Fort Morgan would
be less than 0.3 m for the two reservoir conditions
simulated. No significant change in the ground-
water system would occur downstream from Fort
Morgan. Ground-water discharge to the South Platte
River would be decreased at the reservoir site and
increased downstream from the proposed reservoir.
The model study indicated that ground-water dis-
charge would decrease by 0.68 m3/s above the pro-
posed dam and increase by 0.68 m3/s below the
proposed dam for steady-state conditions with the
reservoir-pool altitude at 1,342 m. Ground-water
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discharge would decrease by 0.31 m3/s above the
posed dam and increase by 0.68 m3/s below the
proposed dam for steady-state conditions with the
reservoir-pool altitude at 1,342 m. Ground-water

Chemical quality of storm runoff in the western Denver area
affected by man’s activities

The USGS has monitored the quality of urban
storm runoff from a 25-ha basin containing multi-
family housing and office buildings in the western
Denver metropolitan area of Colorado since March
1976. Data collected to date indicate that man’s
activities play an important role in the chemical
quality of storm runoff from this area.

S. R. Ellis’s preliminary evaluation of chemical
data from storm runoff collected on September 14,
1976, indicated that the average total nitrogen (as N)
was as much as four times greater than previously
determined levels. Both dissolved orthophosphate
and total phosphate were as much as five times great-
er than previously determined levels. On September
13,1976, lawns of the multifamily housing units were
fertilized; the housing manager reported that an
inspection of the lawns on September 15 indicated
that most of the fertilizer had been removed by the
September 14 storm, and the lawns had to be fertil-
ized again.

This type of activity can have an important influ-
ence on the chemical quality of storm runoff. To
prevent errors in the mathematical models used to
determine the chemical quality of storm runoff,
man’s activities must be considered.

Water quality of the Colorado River in the Grand Junction area

T. R. Ford reported that preliminary results of a
waste-load assimilation study of the Colorado River
in the Grand Junction area of Colorado between
Palisade and Fruita, made during the fall of 1976,
" indicated that present waste loads are not signifi-
cantly affecting water quality in theriver. The lack of
significant water-quality changes is a result of efflu-
ent discharges that are relatively small in compari-
son with the discharge of the Colorado River.

Availability and quality of ground water in the Eagle-Vail and
Gunnison-Crested Butte areas

T. F.Giles collected hydrologic and geologic datain
and near the Eagle-Vail and Gunnison-Crested Butte
areas of Colorado in order to determine the availabil-
ity and chemical characteristics of ground water.

Water quality from aquifers in part of the Eagle
River valley between Eagle and Vail is variable and
dependent on rock type. In general, water from
aquifers in the alluvium, the Cretaceous Dakota
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Sandstone, the Permian and Triassic State Bridge
Formation, and Precambrian metamorphic rocks is
of good quality and can be used with little treatment
for municipal, industrial, and domestic purposes.
Water developed from aquifers in the Cretaceous
Benton and Niobrara Formations, the Pierre Shale,
and the Pennsylvanian Eagle Valley Evaporite often
contains chemical constituents such as sulfate, dis-
solved solids, and selenium in concentrations that
exceed USPHS standards for drinking water.

Water from aquifers in the Gunnison-Crested Butte
area is generally of good quality, with the exception
of water from deep (122-518 m) wells completed in the
Dakota Sandstone and the Jurassic Morrison and
Entrada Formations. Dissolved-solids concentra-
tions in these formations range from 300 to 1,200
mg/L.

Shallow water table in Upper Arkansas River valley

K. E. Goddard found that the Upper Arkansas
River valley in central Colorado has a water table
only 1 to 5 m below land surface in many areas.
Seepage from streams and recharge from irrigation
maintain the shallow water table in the thick alluvial
aquifer. Discharge from the aquifer results in major
areas of springs along the Arkansas River, particu-
larly in the area north of Browns Canyon and near
Salida. In the vicinity of Salida, discharge of springs
is approximately 3,000 L/s during the late summer.

Water quality in Jefferson County

D. C. Hall analyzed water samples from 11 of the
wells in fractured crystalline rock in Jefferson
County, Colorado, for 19 water-quality parametersto
test for seasonal changes. Only four parameters—
silicon dioxide, dissolved magnesium, dissolved
orthophosphate, and temperature—were found to
change significantly on the basis of an analysis of
variance (0.05 level of significance). Temperature
showed a seasonal trend, being 0.5° to 1.0°C higher
during warm sampling periods. It is not clear
whether the other three parameters reflect a seasonal
trend, a long-time trend, or differences in sampling or
analysis procedures between sampling periods. Gen-
erally, however, there do not appear to be significant
seasonal water-quality changes in the fractured-
crystalline-rock aquifer.

Eleven trace elements were studied in ground-
water samples obtained from 26 wells in the aquifer.
Most trace-element concentrations were below the
USPHS recommended limits for drinking water. The
concentrations of iron exceeded 0.3 mg/L in 6 wells,
manganese exceeded 0.05 mg/L in 8 wells, and zinc
exceeded 5 mg/L in 2 wells. The high concentrations
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of these elements are thought to be caused by the
construction and plumbing associated with each of
the 26 wells.

Radiochemical analyses were made on water from
the 26 wells in the fractured-crystalline-rock aquifer.
Gross-alpha radiation ranged from less than 0.9 to
147 pCi/L. Gross-beta radiation ranged from 1.5 to 28
pCi/L. Strontium-90 was determined in one sample
(with gross-beta radiation of 19 pCi/L) and found to
be less than the detection limit of 0.1 pCi/L.
Radium-226 radiation in 22 samples ranged from 0.06
to 1.3 pCi/L. Uranium concentrations in 14 samples
ranged from 1.3 to 86 u g/L (0.9-60 pCi/L).

Water quality in Boulder County

D. C. Hall, E. L. Boyd, and D. L. Cain collected
ground-water samples from springs, domestic wells,
irrigation wells, and stock wells in Boulder County,
Colorado, for chemical and biological analyses. Of
the 570 ground-water samples collected, 154 samples
contained two or more coliform bacteria colonies per
100 mL. The percentage of samples containing coli-
form bacteria was higher in water samples from the
plains (34 percent) than it was in those from the
mountains (18 percent). Fecal-coliform bacteria (one
or more colonies per 100 mL) were found in 51
samples, and the percentage of samples containing
fecal-coliform bacteria was higher in the plains (11
percent) than it was in the mountains (6 percent).
Nitrate (as N) concentrations were above 10 mg/Lin
2 percent of all of the ground-water samples. Fewer
than 1 percent of the samples contained more than
250 mg/L of chloride.

Hydrology of the Arapahoe aquifer in the Englewood-Castle Rock
area

According to D. E. Hillier, R. E. Brogden, and P. A.
Schneider, Jr. (1977), aggregate-sand thickness in
the Arapahoe aquifer ranges from less than 30 m in
the northwestern part of the Englewood-Castle Rock
area of Colorado to 170 m in the central part. The
greatest aggregate-sand thickness occurs in a north-
east-trending band from near Louviers to east of
Interstate Highway 25. Two types of water—calcium
bicarbonate and sodium bicarbonate—are found in
the aquifer in most of the study area. Calcium sulfate
or sodium sulfate water occurs in the northwestern
part of the area. In some wells, concentrations of
dissolved solids, fluoride, iron, manganese, and
sulfate exceed the limits recommended by the
Colorado Department of Health for drinking water.
Hardness may be a problem, depending on the use of
the water.

The configuration of the potentiometric surface
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and the resulting flow system for 1975 were signifi-
cantly different than for 1965. Ground-water flow
was principally to the north and northwest in 1965
and principally to the northwest in 1975. The
potentiometric surface declined throughout the area
from 1965 to 1975. Declines of 60 to 90 m have
occurred in the central part of the area. The decline of
the potentiometric surface indicates that the aquifer
is being “mined” (withdrawals exceed recharge).
Most wells that flowed in 1965 had ceased flowing by
1975. Only one flowing well, which had an estimated
flow of 0.2 L/s, was observed during the study.

Shallow ground water in the Front Range urban corridor

D. E. Hillier, P. A. Schneider, Jr., and E. C.
Hutchison investigated the quality of water, the
depth of water, and the altitude of the water table in
the terrace and alluvial deposits and dune sand in an
area of increasing population and industrial growth
along the Front Range between Fort Collins and
Colorado Springs, Colo.

Preliminary results of more than 300 chemical
analyses indicated that concentrations of arsenic,
iron, manganese, selenium, chloride, dissolved sol-
ids, fluoride, nitrate, and sulfate locally exceed Fed-
eral and State standards for drinking water. Water
quality is poorest along the South Platte River north
of Denver and along Jimmy Camp Creek near
Colorado Springs where farmland is extensively
irrigated. Dissolved-solids concentrations are as
much as 7,600 mg/L in the terrace deposits alongthe
South Platte River.

In some areas, the depth to water is less than 3 m
and may affect building construction. The water
table fluctuates annually in response to the amount
of precipitation and streamflow and to irrigation
practices. However, no long-term declines have been
observed.

Contaminated wells found in northeastern Park County

Preliminary data collected by J. M. Klein, K. E.
Goddard, and R. K. Livingston in Park and Teller
Counties in Colorado indicated that the most widely
used aquifer in the study area is fractured Precam-
brian rock in Park County. Well yields from the
Precambrian aquifer arelow, ranging from 0.02t0 1.3
L/s; an average well yields from 0.03 to 0.06 L/s. An
estimated 20 hm? of recoverable ground water is
present in the fractured Precambrian aquifer in Park
County.

Of the 67 wells sampled in northeastern Park
County, 21 wells contained water with nitrate con-
centrations greater than 5 mg/L, and 4 wells
contained water with nitrate concentrations greater
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than 20 mg/L. The highest nitrate concentration
determined was 75 mg/L. Bacterial contamination
was found in 20 wells, the total coliform being as
much as 2,000 colonies/100 mL. Chemical degrada-
tion of ground water was most pronounced in areas of
high-density housing, particularly the Highland
Park and Harris Park areas, where lot sizes are
generally less than 0.8 ha.

Water-resource appraisal of the Wet Mountain Valley

Colorado’s Wet Mountain Valley in western Custer
and southwestern Fremont Counties is an inter-
montane trough filled to a depth of at least 2,000 m
with unconsolidated deposits. C. J. Londquist and
R. K. Livingston reported that the depth to water is
lessthan 3 min a 119-km?2 area underlain by basin-fill
material in the central part of the valley. An esti-
mated 1,850 hm? of recoverable water is stored in the
basin-fill material. Well yields range from more than
3L/sinthecentral part of the basin-fill aquifertoless
than 0.6 L./s in the mountainous areas.

Streamflow in the area is typical of that of a high
mountain valley; most streamflow occurs during the
snowmelt period of June and July. Runoff, measured
at seven sites during 1975 and 1976, ranged from less
than 0.001 to 0.017 (m3/s)/km? and is a function of
site altitude.

A generalized water budget for the southern part of
the basin-fill area indicated that 73 percent of the
water entering the basin-fill aquifer is from direct
precipitation and that the remaining 27 percent is
from surface inflow. Evapotranspiration accounts
for 86 percent of the water leaving the basin-fill
aquifer, and surface outflow accounts for the remain-
ing 14 percent. With few exceptions, both surface and
ground water can be used for drinking and irrigation.

Erosion reduced by replacing sagebrush with grass

The hydrologic effects of replacing sagebrush
cover with grass cover on rangeland were studied by
G. C. Lusby from 1965 to 1973 at a site in west-central
Colorado. Runoff and sediment yield from four small
sagebrush-covered watersheds were measured for 3
years, after which time two of the watersheds were
plowed and seeded to bluebunch wheatgrass. Meas-
urements were then continued for an additional 6
years. Usable forage on the two seeded watersheds
increased about 300 percent after replanting to grass,
and the size of barren interspaces between plants
was reduced proportionately. A reduction in annual
runoff of approximately 14 percent resulted from a
reduction in summer runoff of 65 percent and an
increase in runoff from snowmelt of 12 percent.
Sediment yield from the two seeded watersheds was
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reduced about 88 percent; most of this reduction was
related to the decrease in runoff from summer rain-
storms.

Spring-water flow in the Piceance Creek basin

The majority of springs in Colorado’s Piceance
Creek basin are associated with the Eocene Uinta
Formation and marlstone tongues of the Parachute
Creek Member of the Eocene Green River Formation
that are within the Uinta Formation. The remainder
of the springs issue either from outcrops of the
Parachute Creek Member of the Green River Forma-
tion or from the Parachute Creek Member through
faults and fractures in the overlying Uinta Forma-
tion. Within the Uinta Formation, the majority of
springs have their source in silty sandstone beds. A
comparison of spring locations with a fracture map
and aerial photographs of the Piceance Creek basin
by G. J. Saulnier, Jr., indicated that the majority of
springs occur on or near faults and fractures. A few of
the springs that discharge water from deep aquifers
were identified by using water-quality and tempera-
ture data.

Discharge rates of the 90 springs investigated
ranged from less than 3 L/s to more than 200 L/s.
Sixty of the springs had discharge rates ofless than
30 L/s, 24 of the springs had discharge rates between
30 and 80 L/s, and 6 of the springs had discharge
rates greater than 80 L/s. Spring hydrographs
indicated that the discharge of springs is directly
related to recharge due to snowmelt in the highlands
in the western and southern parts of the Piceance
Creek basin. The time of discharge peaks appeared to
be directly related to the distance from the recharge
area.

KANSAS

Streamflow modeling in western Kansas

Preliminary results of streamflow studies con-
ducted in western Kansas indicated that the average
flow of some streams is decreasing. P. R. Jordan
reported that flows of Beaver Creek and South Fork
Solomon River have decreased in relation to a given
amount of rainfall, as simple rainfall-runoff relation-
ships and detailed mathematical modeling indicate.
Changes in farming practices appeared tohavehad a
major influence on the decrease in streamflow.

Critical depletion of Ogallala aquifer near Marienthal

Kansas Groundwater Management District No. 1
designated a 32-km? area in Wichita County, north of
Marienthal, as a critical area in which the Ogallala
Formation has been significantly dewatered. E. D.
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Gutentag reported that ground-water withdrawals
for irrigation have reduced the saturated thickness of
the Ogallala between 30 and 50 percent since 1950.

LOUISIANA

Appraisal of ground-water resources in Washington Parish

H. L. Case III reported that the principal aquifer
(the “1500-foot” sand) tapped by the city of Bogalusa,
La., pinches out near the city’s southern limits. Water
levels in wells in this sand declined at an average rate
of about 0.5 m/yr from 1967 to 1976, but the rate of
decline has increased to about 1.2 m/yr since 1975.
The water is of good quality and has an iron concen-
tration of about 30 ng/L, which increases north-
ward; at Varnado, about 11 km north of Bogalusa,
the iron concentration is about 900 u g/L. Two
aquifers in the Bogalusa area have been mapped, but
additional test-drilling and sampling are needed to
provide hydrologic and water-quality data.

Water levels in wells about 820 m deep tapping the
Franklinton aquifer are declining ahout 0.46 m/yr.
In the fall of 1976, water levels in wells in the shallow
aquifer ranged from about 41.4 m below land surface
in the northeastern part of Washington Parish to
about 2.4 m above land surface in the Bogue Chitto
flood plain in the southwestern part of the parish.

Seasonal water-quality changes in the Red River alluvial aquifer

M. S. Whitfield, Jr., observed that the mineral
concentrations in approximately one-half of the 540
wells sampled in the Red River alluvial aquifer of
Louisiana undergo noticeable seasonal changes
owing to recharge by precipitation. The greatest
changes occur in the shallow part of the aquifer.
Concentrations of calcium, magnesium, iron, chlo-
ride, and sulfate change quickly in response to
recharge. Concentrations of these ions were reduced
about 60 percent in an observation well near Natchi-
toches after 360 mm ofrain fell in 9 days in May 1975.
Recharge conditions are ideal in this area because
surface drainage is slow and surface water infiltrates
only a few meters of fine surficial material before it
reaches the aquifer.

Chemical analyses of water from wells screened in
the Red River alluvial aquifer show some of the
water-quality changes that have occurred in the
alluvium since samples were first collected in 1931. A
decreasein chloride concentration ranging from 10to
100 percent has occurred in water from many wellsin
Caddo, Bossier, and Red River Parishes. This
decrease in chloride is attributed to the discontinua-
tion of most saltwater-disposal pits (formerly used to
dispose of oilfield brines), to the dilution of the
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resulting saltwater bodies by infiltration of precipita-
tion, and to inflow from adjacent aquifers.

Terrace aquifer in central Louisiana contaminated by chloride

In the area of the Nebo Oil Field in Louisiana’s
southern La Salle Parish, the water in the shallow
terrace aquifer of Pleistocene age has an anomal-
ously high concentration of chloride and other chemi-
cal constituents. After studying the terrace aquifer,
J. L. Snider concluded that the contamination is
associated with oil production; possibly, it is related
to the disposal of saltwater in pits or wells. Normal
chloride concentrations in the terrace aquifer range
from less than 5 to about 40 mg/L, but chloride
concentrations in the terrace aquifer in the anoma-
lous area range from about 300 to 2,300 mg/L.

MISSOURI

L. F. Emmett and R. R. Luckey reported yields as
high as 0.16 m3/s from wells open to 305 m of
Cambrian and Ordovician dolomite in the Spring-
field area of southwestern Missouri. These wells yield
good-quality water with 55 m of drawdown in 56
hours. The dolomite is separated from 27 m of
overlying Mississippian limestone by 1.5 to 24 m of
dolomitic shale, which retards the exchange of water
between the limestone and the dolomite.

A significant portion of the 0.35 m3/s of water
presently being withdrawn from the dolomite is
derived from the overlying limestone. A digital model
of the aquifer indicated that an additional with-
drawal of 0.44 m3/s from existing wells would result
in a water-level decline of as much as 120 m near the
primary point of withdrawal.

MONTANA

Ground-water-resource study of part of Flathead Indian
Reservation

Well data collected near Ronan, Mont., by A. J.
Boettcher during a hydrologic study of part of the
Flathead Indian Reservation indicated the existence
of a shallow (less than 30 m) aquifer and a deep
aquifer. In the rest of the area, only one aquifer exists
in the first 150 to 185 m of the glacial deposits. The
shallow water-table aquifer is recharged by anirriga-
tion canal and springs, whereas the deeper artesian
aquifer is recharged by runoff from the adjacent
Mission Mountains.

The shallow aquifer provides an adequate source of
water to wells for domestic and stock uses, and the
deep aquifer provides water to wells for irrigation
and public supplies. Many wells tapping the artesian
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aquifer flow; heads of 45 m above land surface have
been measured. Some of the flowing wells discharge
at rates in excess of 13 L/s.

Evaluation of hydrologic factors in reclamation potential of coal
lands in southeastern Montana

J.D. Stoner and W. R. Hotchkiss conducted a study
of the reclamation potential of strippable coal depos-
its on 104 km? of the Pumpkin Creek coalfield 16 km
northeast of Broadus, Mont. Fifteen test holes were
drilled through the 9.5-m-thick Sawyer coal, which
comprises one unit of the Tongue River Member of
the Paleocene Fort Union Formation. Water in coal
was encountered in only three of the test holes, none
of which produced more than 0.1 L/s. One test hole on
the western side of the area, near Pumpkin Creek,
penetrated about 18 m of sandstone below the coal
and produced about 1 L/s. Major constituents in
water from existing wells were generally sodium and
sulfate, but one well contained magnesium calcium
bicarbonate water; dissolved solids ranged from 300
to 4,300 mg/L.

About 25 stock reservoirs, each of which is 4 ha or
less in area, provide some inflow to the ground-water
reservoir. Intermittent surface-water outflow occurs
through Mizpah Creek and Pumpkin Creek to the
east and west, respectively.

NEBRASKA

Ground-water-quality atias of Nebraska

R. A. Engberg prepared a ground-water-quality
atlas of Nebraska in which all available water-
quality data for the State are shown on a series of
maps. These maps will aid planners and managersin
identifying existing and potential water-quality
problem areas. Dissolved-solids concentrations in
water from the Nebraska sandhills are generally less
than 200 mg/L; silica concentrations approach 60
mg/L. Dissolved-solids concentrations in water from
Pleistocene or Tertiary deposits outside the sandhills
are generally less than 500 mg/L, except in localized
areas affected by infiltration of more highly mineral-
ized water derived from surface sources. Water from
older deposits is extremely variable in quality.

Farming practice may contribute to ground-water recharge in

southwestern Nebraska

E.G.Lappalareported that, since the 1930’s, water-
level rises of as much as 6 m haveoccurred in an area
of southwestern Nebraska that is not extensively
irrigated. The area covers parts of Lincoln, Perkins,
and Keith Counties and extends westward into
Colorado. More than 6.2x108 m3 of water was added to
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ground-water storage in the Ogallala aquifer from
1952 to 1975. Trend analyses of climatic records from
1925 to 1975 showed no significant increase in
precipitation available for recharge. The water-level
rises are attributed to increased recharge from areas
in which “wheat-fallow” agriculture (half of theland
is fallow and half is planted in wheat) is practiced.
More than 75 percent of the affected area is farmland,
about 80 percent of which is farmed under the
“wheat-fallow” system.

Ground-water recharge in interfluvial areas near McCook
attributed to canal leakage

As part of a study conducted by E. G. Lappala and
P. F. Hemphill to assess the availability of ground
water to augment declining surface-water supplies,
previously unpublished water-level rises of as much
as 12 m from 1950 to 1975 were documented. Therises
cover an area of 120 km? in southwestern Nebraska
in the interfluvial areas on both sides of the Republi-
can River near McCook. The ground-water rises are
the result of leakage from canals, deep percolation of
irrigation water, and reservoir stages that are higher
than the predevelopment stream levels controlling
ground-water discharge. Lappala and Hemphill esti-
mated that water added to storage from 1950 to 1975
was about 130 hm3, and ground-water discharge to
the Republican River between Trenton and McCook
increased by about 5 to 10 percent.

NEW MEXICO

Hydrology of the San Juan River valley

The San Juan River gains about 3 m3/s during
winter months in the 110-km reach between Navajo
Dam and Shiprock, N. Mex. This contribution
includes irrigation return flow and flow from bedrock
units. According to F. P. Lyford, the dissolved-solids
concentration of the ground-water contribution is
about 2,000 mg/L and causes degradation of water
quality downstream in the San Juan River. Major
constituents in the ground water are sodium, chlo-
ride, and sulfate. Changes in the ground-water con-
tribution will probably occur in the future as a result
of increased irrigated acreage and the development
of coal and uranium resources.

Hydrogeology of northwestern New Mexico

The Morrison Formation of Jurassic age is the
major aquifer in northwestern New Mexico.
Transmissivity ranges from less than 5to40m2/d. A
potentiometric surface map prepared by F. P. Lyford
and Peter Frenzel shows that water moves from topo-
graphically high areas on the edge of the basin
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toward the San Juan River near Four Corners and
toward the Rio Puerco south of Cuba, N. Mex.
Ground-water contributions to these rivers are small
and probably not detectable by streamflow-
measuring techniques. In places, the potentiometric
surface is 210 m or more above the land surface, an
indication that some water may move vertically to
shallower geologic units or to the land surface. In a
large part of McKinley and San Juan Counties, water
from the Morrison aquifer is potable. Withdrawals of
water from the Morrison aquifer will greatly increase
as uranium mining expands. Modeling showed that
mine dewatering will substantially affect the potenti-
ometric surface but willhaverelatively little effect on
ground-water discharge to streams.

Other aquifers in the study area are the Gallup
Sandstone of Cretaceous age and the Ojo Alamo
Sandstone of Paleocene age. The transmissivity of
these units generally does not exceed 20 m2/d. Sand-
stones of Jurassic age below the Morrison Formation
also may be aquifers.

Hydrologic characteristics of Gallup Sandstone

The city of Gallup, N. Mex., derives much of its
municipal water supply from wells developed in the
Gallup Sandstone at the Yah-ta-hey well field, 13 km
north of Gallup. A month-long aquifer test was
conducted in this well field by J. S. McLean during
late January and early February 1976. The results of
the aquifer test, which were affected by interference
from nearby domestic wells and by multiple-aquifer
completion of the observation wells, showed a trans-
missivity range of 30 to 40 m2/d and a storage
coefficient of 104,

Water quality and sediment in the Chaco River basin

Water-resource information was collected by Kim
Ong from a network of surface- and ground-water
sites along the Chaco River and selected tributaries
in northwestern New Mexico to determine existing
conditions, particularly with respect to water quality,
before coal or uranium is mined in parts of the basin.
Many chemical constituents were analyzed with
emphasis on constituents (nutrients, trace metals,
and radiochemicals) important to water-quality
standards. Two continuously recording stream-
gaging stations were established on the Chaco River.
Also, because of the unpredictable flow in the
arroyos, special samplers were designed and spaced
in the channel cross section to capture flows at
various stages. High suspended-sediment concentra-
tions, ranging from 2,000 to 200,000 mg/L, were
found. Principal dissolved constituents in surface-
water or shallow ground-water supplies were sodium,
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sulfate, and bicarbonate. Trace elements other than
boron, iron, and fluoride were not found in signifi-
cant concentrations.

Definition of ‘‘shallow aquifer’’ in Roswell basin

The “shallow aquifer” of the Roswell ground-water
basin in New Mexico generally is considered to be
composed of sand-and-gravel beds of Holocene, Pleis-
tocene, and, possibly, Pliocene age; these beds are
referred to locally as “valley fill.” G. E. Welder’s
recent studies of the shallow-water zones indicated
that the “shallow aquifer” locally also includes 15 to
60 m of the underlying Permian rock along a 2- to 5-
km-wide zone in the eastern part of the basin between
Roswell and Hagerman. This zone coincides with
solution and collapse features that were mapped at
the base of the “valley fill” and the top of the Permian
San Andres Formation, which is separated from the
“valley fill” by about 90 to 210 m of Permian sand-
stone, siltstone, claystone, and gypsum.

NORTH DAKOTA

Movement and quality of ground water in southwestern North
Dakota counties

L. O. Anna reported that recent test drilling in
southwestern North Dakota provided additional
data for identifying major aquifer systems in the
area. The lower Ludlow aquifer in the Paleocene Fort
Union Formation is a very fine-grained sandstone to
medium-grained sandstone with a constant trans-
missivity of 20 m2/d. The lower Tongue River aquifer
in the Fort Union has a variable transmissivity
caused by changes in both thickness and permeabil-
ity; the transmissivity ranges from less than 1 to 40
m2/d. Water quality is also variable, the dissolved-
solids content averaging 1,500 mg/L.

Recent head measurements of flowing wells along
the Little Missouri River indicated that ground-water -
levels in the Fox Hills and lower Ludlow aquifers
decline about 0.5 to 1.5 m/yr and create major cones
of depression.

Valley aquifer discovered in western Dickey County

C. A. Armstrong reported that an unnamed aquifer
was discovered about 11 km west of Oakes in Dickey
County, North Dakota. The aquifer is about 21 km
long, 3 km wide, and as much as 12 m thick. The
aquifer occupies an abandoned James River valley
that was formed at a time when the river flowed more
than 12 m above its present flood plain. The material
forming the central part of the aquifer generally is a
gravelly coarse sand, but lenses of silt, clay, and fine
sand are present. Estimates of well yield range from
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about 0.2 L/s in thin parts of the aquifer to about 50
L/s in thick parts of the aquifer.

Analyses of samples from the aquifer showed that
the water is a very hard, calcium sulfate or sodium
sulfate type in the northern and central parts of the
aquifer; it is a sodium sulfate or sodium bicarbonate
type in the southern part of the aquifer and near the
aquifer’s edges. Dissolved-solids concentrations in
five water samples ranged from 710 to 1,440 mg/L.
Sodium-adsorption ratios ranged from 0.5 to 4.9.

Hydrology of strippable lignite deposits

W. F. Horak found diverse hydrologic conditions
among several lignite-deposit areas in western North
Dakota. In many areas, the strippable beds serve as
the principal source of ground water. In other areas,
the shallow lignite beds are above the zone of satura-
tion. Poorly consolidated sands of variable thickness
are commonly interbedded with the predominant
clay and silt of the Paleocene strata. Where sands are
saturated, they are used locally for water supplies.
Flow in the shallow lignite and sand aquifers is
controlled mainly by local topography. Perched
water conditions are evident throughout the area of
study.

Dissolved-solids concentrations in lignite aquifers
are slightly higher than those in sand aquifers
(respective medians, 1,700 and 1,300 mg/L). The
relative ionic compositions of the two types of aqui-
fers arevery similar. Sodium is generally the predom-
inant cation, and the anionic makeup usually is
divided evenly between sulfate and bicarbonate.

Buried glaciofluvial aquifer near Zeeland

R. L. Klausing reported that test drilling revealed
the presence of a buried glaciofluvial aquifer about 4
km east of Zeeland in McIntosh County in south-
central North Dakota. The aquifer, which has not
been delineated completely,is atleast 10km long and
about 3 km wide. The aquifer, which consists of
intermixed sand and gravel, has an average thick-
ness of about 7 m. Preliminary data from an aquifer
test indicated that wells penetrating the aquifer will
yield about 22 L/s. Analyses of 13 water samples
from the aquifer showed that the water is predomi-
nantly a sodium-calcium bicarbonate type and that
dissolved-solids concentrations are generally less
than 1,000 mg/L.

Geologic structure and hydrologic conditions of the Souris River
valley
P. G. Randich reported that test drilling in
McHenry County, North Dakota, showed a synclinal
structure underlying and conforming to the south-
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eastern loop of the present Souris River valley. Test
holes that penetrated the lower Tertiary and Upper
Cretaceous sedimentary rocks down to the Pierre
Shale indicated that preglacial geomorphogeny
influenced the eastern course of the Souris River
drainage in North Dakota. All geologic formationsin
this part of the State usually dip northwestward
toward the Williston Basin except in this localized
area of structural folding.

Water levels in wells developed in the Fox Hills and
Hell Creek aquifers showed an upward vertical
gradient toward the Cannonball (in the Fort Union
Formation) and glacial-drift aquifers. The chemical
quality of ground water in these aquifersranges from
a sodium chloride typein the deeper Fox Hills aquifer
to a sodium sulfate or sodium bicarbonate typeinthe
shallower Hell Creek, Cannonball, and Tongue River
aquifers.

OKLAHOMA

ThePennsylvanian Vamoosa Formation underlies
several counties in a broad north-trending band
across central Oklahoma. Ground water in the
Vamoosa aquifer occurs under both confined and
unconfined conditions. J. J. D’Lugosz reported that
about 8,600 hm? of the 74,000 hm?3 of water stored in
the Vamoosa aquifer probably is recoverable.
Recharge to the aquifer is approximately 4.5 percent
of the annual rainfall, or 123 hm3/yr. The amount of
water withdrawn annually is one-twentieth of the
amount of water recharged to the aquifer. Therefore,
ground water is discharged to the major streams and
most of their tributaries. Sand-thickness maps were
constructed for both the unconfined and the confined
areas. In some areas, the interface between potable
water and saltwater is rising in the aquifer. Water-
quality data show that saltwater injection has
degraded the water quality in most of these areas.

SOUTH DAKOTA

Extensive aquifers found in Clark County

Glacial aquifers in lacustrine and outwash depos-
its underlie most of Clark County, 2,528 km?2 of rolling
to hilly glacial-till plains in northeastern South
Dakota. L. J. Hamilton (USGS) and C. M. Chris-
tensen (South Dakota Geological Survey) used infor-
mation from about 400 test holes and 600 wells to
determine that the thickness of the aquifers averages
about 15 m in many areas but is as much as 50 m in
other areas. Water from the aquifers is mostly a very
hard, calcium sulfate type. Total dissolved solids
range from 400 mg/Lin a well 6 m deep t0 2,560 mg/L
in a well 160 m deep.
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The Grand aquifer in north-central South Dakota

Glacial aquifers, mostly outwash sand and gravel,
underlie about one-third of Edmunds, Faulk, and
McPherson Counties in north-central South Dakota.
L. J. Hamilton (USGS) and C. M. Christensen (South
Dakota Geological Survey) used information from
about 400 test holes and 2,000 wells to locate the
aquifers. The largest and most extensive of these, the
Grand aquifer, extends northwestward through an
area of 930 km?in a branching channel that averages
about 6 km in width. The channel is incised in shale
bedrock at depths ranging from 45 m in the south-
east to 180 m in the northwest. The thickness of the
aquifer averages about 15 m, but, locally, where it is
composed of five thick beds of sand and gravel, itis as
much as 53 m thick. Wells capable of yielding more
than 30 L/s can be obtained throughout a 340-km?
area. Water from the aquifers has dissolved-solids
concentrations that average 1,000 mg/L but range
from 260 to 3,350 mg/L.

Major glacial-outwash aquifer in western Miner County

The Floyd aquifer, previously mapped in Beadle
and Sanborn Counties, also occurs in western Miner
County in southeastern South Dakota. According to
Jack Kume, this major glacial-outwash aquifer has
the potential to supply large-capacity wells such as
those needed for irrigation. At the present time,
however, only a few irrigation wells tap the aquifer.

In Miner County, the aquifer is under artesian
conditions; it consists of 5 to 36 m of saturated sand
and gravel at depths of 5to 30 m below land surface.
In 1976, depth to water in wells tapping the aquifer
was 7 to 12 m below land surface.

Major glacial-outwash aquifer in buried channel of ancestral Grand

River

The Grand aquifer, previously mapped in
Edmunds, Faulk, and McPherson Counties and
equivalent to the deep glacial aquifer mapped in
Campbell County, was mapped in northwestern
Walworth County in north-central South Dakota.
The aquifer occurs in the glacial-drift-covered chan-
nel of the preglacial Grand River.

This major glacial-outwash aquifer has the poten-
tial to supply water to large-capacity wells such as
those used for irrigation. Current development of the
aquifer in Walworth County includes several munici-
pal water-supply wells.

Studies by Jack Kume indicated that, in Walworth
County, the aquifer is under artesian conditions and
consists of 1 to 16 m of saturated sand and gravel at
depths of 16 to 63 m below land surface. In 1976, the
depth to water in wells tapping the aquifer ranged
from 7 to 19 m below land surface.
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Stratigraphic and hydrogeologic relationships established for
coastal plain of Texas

A series of 12 sections along the strike and dip of
strata was prepared by E. T. Baker, Jr., to illustrate
the stratigraphic and hydrogeologic framework of a
large part of the coastal plain of Texas from the
Sabine River to the Rio Grande. A relationship
between stratigraphic units and hydrogeologic units
was thus established statewide. Unitsrangingin age
from Paleocene to Holocene were delineated on the
sections. Each of the 11 dip sections is about 160 km
long, and the strike section is about 800 km long. The
sections, which are based on electrical logs, show
correlations that extend from the outcrops of the
units to maximum depths of 2,316 m below sea level.
Selected faunal positions and locations of water
having less than 3,000 mg/L of dissolved solids are
shown also.

Availability of ground water in the westernmost basins of Texas

J. S. Gates, D. E. White, W. D. Stanley, and H. D.
Ackermann used data from a well and spring inven-
tory, geophysical surveys, and four deep test holes to
evaluate ground water in the basins west of the Pecos
River drainage of Texas. Almost 30 km3 of freshwater
is estimated to occur in basin fill. Of this amount,
about 15 km3 is in El Paso County, 14 km3 is in the
Hueco Bolson, and 0.7 km3 is in the lower Mesilla
Valley. Significant amounts of fresh ground water
also occur at Wildhorse, Michigan, and Lobo Flats
and probably occur at Ryan Flats and between Lobo
and Ryan Flats in the Salt Basin. Significant quanti-
ties of fresh ground water possibly occur in Red Light
Draw, in the southeastern Presidio Bolson, and inthe
Green River valley.

In addition, about 8.6 km? of slightly saline wateris
estimated to be present in the basin fill of
westernmost Texas, including that presentin the Rio
Grande alluvium of the Hueco Bolson and lower
Mesilla Valley and in the Permian Capitan Lime-

stone in the northern Salt Basin.

Pore structure of Edwards Limestone in southern Texas

According to R. W. Maclay and T. A. Small (1976),
the pore structure of the Cretaceous Edwards Lime-
stone in southern Texas is a complex maze of differ-
ent sizes and types of voids that may or may not be
interconnected. The types of pores that are com-
monly interconnected include interparticle and inter-
crystalline voids, fractures, and solution channels.
The types of pores that are poorly connected or not
connected include molds, intraparticle voids, and
some vugs.
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The predominant types of pores within the saline
zone of the Edwards aquifer include the intercrystal-
line pore space of dolomites and the interparticle
porosity of grainstones. The total porosity within the
saline zone is relatively high, but the intrinsic per-
meability is relatively low. The predominant types of
pores within the freshwater zone of the Edwards
aquifer are secondary—included are fractures, solu-
tion channels, and vugs. Cementation and recrystal-
lization of the rocks within the freshwater zone have
resulted in a reduction of intercrystalline and inter-
particle porosity and a lower total porosity.

Although total porosity is reduced in the fresh-
water zone, intrinsic permeability is very high
because of well-connected secondary porosity. Much
of the storage capacity of the Edwards aquifer
probably can be attributed to the smaller, intercon-
nected pore spaces within the rock matrix. A lesser
amount of storage occurs in the larger secondary
openings (Maclay and Small, 1976).

UTAH

Spanish Valiey ground-water mode!

Using availabledata, J. H. Eychaner constructed a
digital-computer simulation model to determine the
effects of a proposed scheme for artificial rechargein
Spanish Valley near Moab, Utah. The results indi-
cated that artificial recharge during periods of high
runoff can provide enough water to permit an
increase of as much as 150 percent in ground-water
withdrawal.

Water quality in Dirty Devil River basin

dJ. C. Mundorff obtained data on the general chemi-
cal characteristics of surface water at approximately
100 stream sites throughout the 12,000-km? Dirty
Devil River basin of southeastern Utah. These data
showed very large increases in dissolved-solids con-
centrations downstream from areas of major diver-
sions and irrigation in the upper parts of the Muddy
Creek and Fremont River basins. The calcium-
bicarbonate-type runoff from the mountains
upstream from these areas generally had dissolved-
solids concentrations of less than 300 mg/L. The
depleted flow, which is mainly irrigation return flow
and seepage downstream from the major irrigated
areas, had dissolved-solids concentrations as high as
6,660 mg/L and sulfate concentrations as high as
4,000 mg/Lin Muddy Creek downstream from diver-
sions and irrigation. Dissolved-solids concentrations
as high as 2,940 mg/L and sulfate concentrations as
high as 1,500 mg/L were observed in downstream
reaches of the Fremont River.
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Coal-mining impact on streamflow in Wasatch Plateau

Analyses of stream-gaging records having concur-
rent periods of record in adjacent drainage basins in
the Wasatch Plateau of Utah showed good correla-
tions of low flows of mountain streams during the fall
months. Standard errors of estimate for stations near
canyon mouths ranged from about 10 to 20 percent.
On the basis of these relationships, K. M. Waddell
concluded that the effects of coal mining on the base
flows of streams can be evaluated by using data from
partial-record stream-gaging stations.

WYOMING

Hydrology of Arikaree Formation

M. A. Crist estimated that the average annual
recharge to the Arikaree Formation of early Miocene
age in an area of about 2,600 km? in southern
Niobrara and northern Goshen Counties in
Wyoming is 29.6 hm? from streams and precipitation.
Accumulative pumpage from public-supply and irri-
gation wells was estimated at 59.2 hm3 from 1938
through 1972 and 47.7 hm3 from 1973 through 1975.
Through 1972, pumping had not caused any noticea-
ble decrease in natural discharge.

A digital model was developed to simulate the
ground-water system in the Arikaree Formation. The
model can be used to indicate which areas are best
suited for increased development by irrigation wells.

Test drilling of Madison aquifer

E. M. Cushing reported that a 1,323-m test hole was
completed as part of a regional evaluation of the
geology, hydrology, and geochemistry of the Madi-
son aquifer in Wyoming. Madison Test Well No. 1,in
sec. 15, T. 57 N, R. 656 W., in Crook County was
completed in the Precambrian in October 1976.
Twenty-two cores, ranging in age from Jurassic to
Precambrian, were taken at selected intervals. Core
recovery was 186 m out of 197.5m attempted. Sixteen
drill-stem and packer tests were attempted in forma-
tions ranging in age from Jurassic to Cambrian.
Geophysical logs available include electric, induc-
tion electric, gamma, guard, neutron, acoustic, den-
sity, three-dimensional velocity, temperature, and
caliper. The well is cased into the top of the Madison
aquifer at a depth of 707 m below land surface. The
open-hole part of the well begins about 12 m below the
top of the Madison and ends about 18 m below the top
of the Precambrian. Water from the open-hole part of
the well has a head of 330 kPa. It flowed, without de-
velopment work, at a rate of 15.8 L/s through a 50.8-
mm valve with a head loss of 110 kPa. The tempera-
ture of the water at land surface is about 49°C.
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Further development, testing, and geophysical log-
ging of the test hole are scheduled for calendar year
1977, and another test well is to be drilled in Custer
County, Montana.

WESTERN REGION

The catastrophic failure of the Teton Dam in Idaho
on June 5, 1976, resulted in floodflow rates estimated
to be as great as 3.9 million cubic meters per minutein
the canyon a short distance downstream from the
dam. The flood caused 11 fatalities and hundreds of
millions of dollars in property damage. Teams of
USGS hydrologists and topographers documented
the areas flooded in a series of maps.

Because of rapid modernization in the Trust Terri-
tory of the Pacific Islands, the USGS was requested
to help in the collection and interpretation of infor-
mation on island water resources. In addition, the
USGS provided technical guidance in drilling and
testing 22 wells on Moen in the Truk Islands and
selected sites for 5 wells on Saipan in the Mariana
Island group.

Several continuing studies in the western region
were directed toward understanding the hydrology of
geothermal areas. So far, geothermal energy has
shown more promise as an alternative energy source
in the West than it has in any other part of the
country. A reporton the Long Valley caldera geother-
mal area of eastern California estimated aquifer
temperatures to be between 180° and 280°C at depths
of 1 to 3 km. The heat flow is on the order of 6.9x107
cal/s, and the ground-water flux through the
hydrothermal reservoir is 190 to 300 kg/s. A digital
model in three dimensions was prepared for the
hydrothermal system.

The interagency Geothermal Environmental Advi-
sory Panel, based in Menlo Park, Calif., completed
guidelines for acquiring baseline environmental
data on Federal geothermal leaselands.

As the trans-Alaska pipeline neared completion,
USGS hydrologists continued to collect data on
streams along its route and began studies necessary
for the postconstruction period. A survey was made
of the numerous and extensiveicings (aufeis) that de-
velop along the pipeline corridor each winter and
cause disruptions in road travel. Data are being
collected to provide background information for
assessing the effects of an oilspill or other event that
can adversely affect streams and lakes.

USGS glaciologists reported that Columbia Glac-
ier near Valdez, Alaska, may be entering a decades-
long drastic retreat from its present terminus on a
shoal 2 or 3 km from land. If that retreat occurs, it is
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likely to result in the calving of icebergs that are
larger and more numerous than those that the glacier
currently discharges into shipping lanes leading to
Valdez, the southern terminus of the trans-Alaska
pipeline. These estimates are based on a study of
aerial photographs taken over a period of many
years, on field observations, on histories of physi-
cally comparable Alaskan glaciers whose retreats
have been observed, and on soundings made adja-
cent to the ice face of the glacier from a remotely
controlled small boat. This work is being done in
cooperation with the U.S. Coast Guard.

USGS scientists are studying the movement of
chemicals in the subsurface near Visalia, Calif., as
part of a continuing project to determine the occur-
rence, movement, and disposition of organic mate-
rials in water. The chemicals in the Visalia area were
discharged to the ground by leakage from a tank used
to dip utility poles in a preservative solution contain-
ing creosote before 1968 and, since then, pentachloro-
phenol. Both substances have been found in the
ground water. Information is being obtained on the
extent of contamination and on methods whereby the
contamination can be contained and ultimately elim-
inated.

In Washington, near the crest of Mount Baker, the
intense fumarolic activity that caused concern in
1975 diminished appreciably in 1976, but it was still
higher than it had been in most earlier years of
observation. The 1975 pH range in Boulder Creek
was 3.5 to 4.2 units, but, in 1976, the range was from
4.5 to 5.5 units. However, the volume of acid dis-
charged into Baker Lake by Boulder Creek has not
been large enough to contaminate the lake beyond a
small area at the mouth of the creek.

Throughout the western region, collection of hydro-
logic data, pursuit of problem-oriented projects, and
basichydrologic research continued. The noteworthy
shifts in emphasis, perhaps, were in project goals and
in cooperating agencies. There is a growing concern
with the environmental consequences of actions, and
this trend shows no signs of stopping. Consequently,
the need for personnel having competence in water-
quality studies, including aquatic biology, has
caused a gradual change in the composition of the
work force; the spectrum of special skills is broader
than that present even 10 years ago.

ALASKA

Fairbanks water-resource study

A 3-year water-resource study of the Fairbanks
North Star Borough of Alaska was initiated by G. L.
Nelson (USGS) in the early part of 1975. Water levels
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measured in a deep observation well on a ridge
directly north of Fairbanks were interpreted to
indicate a steady decline of the water table during the
past 2 years. This decline may have been caused by a
concurrent increase in the number of wells in the
uplands. However, there was a decrease in
precipitation during this period.

Arsenic concentrations of up to 10,000 ng/L were
found recently in water from wells west of Fairbanks
by Dorothy Wilcox (University of Alaska). Arsenic
concentrations of up to 300 ng/L were found in the
uplands and in the lowlands bordering the ridges
around Fairbanks. The wells that have high arsenic
concentrations are sporadically distributed. The
source of the arsenic may be mineralized bedrock.

Surface-water data from Alaskan coal-resource areas

D. R. Scully, D. E. Donaldson, and G. L. Nelson
collected water-discharge, suspended-sediment, and
water-quality data on streams in three areas of
Alaska to delineate the present hydrologic conditions
in areas with known coal-development potential. In
1976, data were collected at seven sites in the Beluga
coal area in south-central Alaska. A recording
station was installed on the Chuitna River near
Tyonek to obtain continuous river-stage and temper-
ature data. Computed unit-area discharge in the
Beluga area ranged from 3 to 130 (L/s)/km?; a unit-
area flood peak of about 350 (L/s)/km? was recorded
on the Chuitna River on September 20, 1976. Mea-
sured suspended-sediment concentrations ranged
from 1 to 420 mg/L. Low concentrations of dissolved
solids were indicated by a range in measured specific
conductance from 20 to 80 umho; the range in pH
was 6.5 to 7.5.

Streamfiow and ground-water relationship in Ship Creek

L. D. Patrick, G. W. Freethey, and G. S. Anderson
analyzed hydrologic test data for the shallow uncon-
fined aquifer in lower Ship Creek at Anchorage,
Alaska. They concluded that significant quantities
of ground water can be developed from the sand-and-
gravel aquifer to augment surface-water supplies for
a proposed fish hatchery. Practically all of the
ground water that will be pumped will be derived
ultimately from Ship Creek streamflow.

Water resources of Alaska’s North Slope

Abundant surface water of excellent quality for
most uses exists on the North Slope of Alaska, but,
because of continuous and deep permafrost, ground-
water resources are negligible except at springs,
according to G. L. Nelson. During the winter, lakes
and streams are almost completely frozen, and
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potable water supplies are found only in deep pools,
in streams that head in the mountains, and in a few
deep (>2 m) lakes.

Flow in all streams and flow through their underly-
ing thaw bulbs, or taliks, generally cease by midwin-
ter each year; there is water only in deep isolated
pools and in the deep, disconnected segments of the
underlying thaw bulbs. This cessation of flow is
indicated by the cessation of aufeis (probably brack-
ish water) formation. The rate of ice thickening on
the surface of pools and lakes can be reduced signifi-
cantly by rerouting access roads and by insulating
the surfaces of the pools. Greater amounts of water
thus will be available during the late winter. Artifi-
cial storage in tanks, surface reservoirs, or brackish
to saline aquifers may be adequate to assure year-
round supplies.

Winter hydrologic reconnaissance of a western Arctic area

A hydrologic reconnaissance of the western Arctic
area in Alaska between Kotzebue and the Colville
River was made in April 1976 by C. E. Sloan, J. C.
Meckel, J. M. Childers, and J. W. Nauman. The
locations of nine springs and their associated icings
in the vicinity of Kotzebue were determined by an ex-
amination of Landsat images. Discharge from the
springs ranged from less than 0.04 to 0.37 m3/s and
averaged about 0.20 m3/s. Except for Kavrorak
Spring (near Kivalina), which was slightly brackish,
the water quality of the spring was excellent for
drinking and other uses.

No spings or icings were evident on the Landsat
images of the area north of Point Hope, and none
were found in the field.

No streamflow could be found or measured in any
of the streams between Point Hope and Point Bar-
row, although pools of water under ice were found in
several of the larger streams.

" Teshekpuk Lake, the third largest lake in Alaska,
is about 6 m deep near the center, where it was
sampled. Eight other lakes sampled in this area were
about 2 m deep.

CALIFORNIA

Water-ievel declines at Twentynine Palms Marine Corps Base

Water levels of five supply wells at the Marine
Corps Base in Twentynine Palms, Calif., have
declined an average of 11 m in the past 10 years.
According to D. H. Schaefer, this decline is asso-
ciated with (1) the proximity of a major fault, (2) the
close spacing of the wells, and (3) the large volume of
water extracted (3.2 hm3 in 1975). By 1980, the
increase (projected) of water consumption on the base
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to 3.7 hm3 and the present rate of water-level decline
will result in a drop of the pumping water levelsin the
wells to below present pump settings.

As part of the geohydrologic evaluation of the
Surprise Spring subbasin, three test holes were
drilled in an area northwest of the present well field.
This area promises to be a good location for drilling
three new supply wells. The additional wells will take
some of the stress off the existing well field and
reduce the water-level decline. Usable ground-water
storage was estimated to be about 700 hm3 in the
subbasin.

Areal and temporal water-quality variations in the San Lorenzo
River basin

California’s San Lorenzo River basin is experienc-
ing rapid urbanization, which is placing heavy
demands on the water resources and waste-water
disposal capabilities of the basin. Water-quality data
from previous studies have not been adequate to
define baseline conditions or to assess sources of
degradation. The objectives of a study conducted by
M. A. Sylvester and K. J. Covay were to determine
areal and temporal variations in water quality and to
identify problem reaches in the basin.

Calcium bicarbonate water was found throughout
the basin. On the basis of the magnitude of dissolved
constituents in the basin water, the basin can be
divided into three water-quality areas, which gener-
ally correspond to the major geologic divisions of the
basin. The most pronounced change in water quality
occurs during storms when streamflows, turbidities,
fecal coliform counts, and organic nitrogen, phospho-
rus, and potassium concentrations increase
markedly and most dissolved-constituent concentra-
tions decrease.

An intensive diel survey was made to determine if
oxygen-demanding wastes were present and causing
nighttime DO to be depressed below the State stand-
ard of 7.0 mg/L. Oxygen-demanding wastes do not
appear to be a problem in the basin; in 5-day tests,
BOD; values were usually less than 3 mg/L, and no
significant nighttime DO depletion was noticed.

Reconnaissance sampling for benthic inver-
tebrates provided data on the composition and
stability of the benthic community. During the rainy
season from October to May, the diversity of benthic
invertebrates was reduced at one of the two stations
as a result of repeated scouring and aggradation of
the streambed.

Chemical quality of ground water in the central Sacramento Vailey

R. P. Fogelman (1976) documented the chemical
character of native ground water in California’s
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Sacramento Valley prior to water-level declines
caused by extensive pumping for irrigation or, in
some parts of the area, by possible extensive use of
imported surface water. The study area included
about 3,100 km? in the central Sacramento Valley
adjacent to the Sacramento River from Knights
Landing to Los Molinos, Calif. Because of recent
agricultural developmentin the area, land previously
used for dry farming and grazing is being irrigated.

Analyses of water samples from 209 wells showed
that most of the area is underlain by ground water of
a quality suitable for most agricultural and domestic
uses.

Typically, the water in the area has dissolved-
solids concentrations ranging from 100 to 700 mg/L.
The general water type for the area is a transitional
(with calcium, magnesium, and sodium) bicarbonate
water that contains negligible amounts of toxic or
phytotoxic trace elements.

Migration of the Sacramento River

Rates and processes of lateral erosion were studied
by James Brice for the middle Sacramento River
between Chico Landing and Colusa, Calif., a river
distance of about 80 km along which the river is
bordered by valuable agricultural land. The study
was based on comparisons of maps made during the
period 1867-1949 and on aerial photographs made
during the period 1924-74.

Meander loops migrate by downstream translation
in a direction nearly perpendicular to the loop axes.
Loops are cut off by straight or diagonal chutes
across the meander neck rather than by gradual
closure of the neck. The sinuosity of the river gradu-
ally decreased from a value of 1.56 in 1896 to 1.35 in
1974. The morphology and curvature of meander
loops cut off before settlément indicate that the river
was more stable in 1896, as well as more sinuous. The
subsequent morphologic changes are attributed
mainly to the clearing of riparian vegetation and the
effects of levees in reducing the area of overflow. The
bank-erosion rate, as measured by the shift of the
channel centerline between successive times of sur-
vey, was 0.458 ha/yr per kilometer of stream for the
period 1896-1974. Before 1948, cumulative bank
erosion increased at about the same rate as cumula-
tive discharge above mean annual, but it has
increased at a lesser rate since 1948, probably
because of flow regulation by the Shasta Reservoir.

Model to predict aquifer response to artificial-recharge program for
the upper Santa Ana River valley
A digital-computer two-layer ground-water model
was developed for a 315-km? area of the upper Santa
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Ana River valley in California. The model simulates
head response to natural and manmade stressesin a
hydraulically connected multiaquifer alluvial basin
about 450 m thick.

According toW.F. Hardt and C. B. Hutchinson, the
importation of water for recharge in the upper part of
the basin could cause artesian heads to rise once
again above the land surface in the lower part of the
basin near the city of San Bernardino. Although the
area is now urbanized, it was historically the site of
marshlands caused by flowing wells and water-
logged soils.

The model was deemed calibrated for steady-state
and transient conditions when model-computed
hydraulic heads matched those observed in the field.
Model predictions indicated the locations where
artificial recharge must be controlled if high water
levels are to be kept from damaging the urbanized
area. The use of the model, as a part of a comprehen-
sive water-management program, will also aid in
determining the effects of redistributing pumpage
and of optimizing a hydrogeologic monitoring pro-
gram.

Weli-response model for Bunker Hill ground-water basin

A well-response model was developed by T. J.
Durbin and C. O. Morgan for wells in the confined
area of the Bunker Hill ground-water basin near San
Bernardino, Calif. In the usual application of model-
ing techniques to quantitative ground-water analy-
sis, the focus of the model is on the ground-water
basin as a whole. In this study, the focus of themodel
was on a particular well. The model is a mechanism
for transforming input to an imperfectly understood
ground-water basin into a water-level hydrograph for
a well. The transformation relationship is the two-
dimensional equation of ground-water flow, which is
solved numerically by the Galerkin finite-element
method. The aquifer parameters that occur in the
equation were treated as coefficients in a nonlinear
regression analysis.

Hydrologic and solute transport models of Upper Coachella Valley

According to L. A. Swain, water levels declined
more than 30 m in some areas of California’s Upper
Coachella Valley from 1936 to 1974. To offset this
decline, recharge of water from the Colorado River
Aqueduct to the basin was begun in 1973. The
recharge water has a dissolved-solids concentration
of from 600 to 800 mg/L. The ground water in the
recharge area has a dissolved-solids concentration of
about 210 mg/L.

Projections from a finite-element hydrologicmodel
of the basin indicated that, without recharge, the
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water level in the Palm Springs area willdecline 61 m
between 1974 and 2000 but that, with artificial
recharge, the water levels in the Palm Springs area
will decline only 9 m during the same period.

Projections from a finite-element solute-transport
model indicated that the artificial-recharge plume
(bounded by the 300-mg/Lline) will move only 1.6 km
downgradient from the recharge ponds by 1981, and
it will move 7 km by the year 2000.

Ground-water modeling of Salinas Valley

Finite-element digital flow models for the Salinas
Valley of California were calibrated by comparing
monthly water levels and river flows with observed
values, according to T. J. Durbin, G. W. Kapple, and
J. R. Freckleton. A two-dimensional model was de-
veloped for the entire valley, and a three-dimensional
model was developed for the confined portion of the
valley near Monterey Bay. Pumpage was calculated
from electric-power consumption records. Transmis-
sivity and storage-coefficient values were estimated
initially from sand-clay contents and refined later
during the calibration process.

Leakage from the Salinas River, the principal
source of aquifer recharge, was computed by a
function involving exponential river flows and used
implicitly in the model. Tributary streamflows and
infiltration quantities were calculated by a rainfall-
runoff correlation process and an infiltration equa-
tion. Most of the computed water levels and river
flows were within 10 percent of observed values.

Fresh ground-water basin in the Merced area

R. W. Page reported that the fresh ground-water
basin in the Merced area of California is about 370 m
thick. Five aquifers occur in the basin—the Mehrten
Formation (Miocene and Pliocene), a confined
aquifer, an intermediate aquifer, a shallow aquifer,
and a probably unconfined aquifer. Recharge to the
aquifers is from ground-water flow, leakage from
other aquifers, and irrigation water that moves
downward into the shallow aquifer. Discharge of
ground water occurs by leakage, seepage into
streams, evaporation, transpiration from crops, and
pumpage. Chemical analyses indicated that ground-
water quality is good and that a particular chemical
type of water is not unique to a particular geologic
unit or aquifer.

Overdraft in Koehn Lake area

J. H. Koehler estimated recharge to the ground
water from percolation of surface runoff and from
underflow from 1958 to 1976 at about 18.2hm3/yrin
the Koehn Lake area of California. The annual
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consumptive use ranged from 22.8 im3in 1960 to 74.0
hm3 in 1976. The overdraft has caused a large
pumping depression southwest of Koehn Lake. As
the ground-water gradient toward the pumping
depression increases, the probability that the fresh-
water will be degraded by the saline water under
Koehn Lake increases.

HAWAII

K. J. Takasaki’s appraisal of the ground-water re-
sources of Hawaii indicated that ground water is a
better potential source for additional future water
supplies than surface water. In 1975, ground water
supplied 44 percent of the water used, and surface
water supplied 56 percent; in the years ahead, howev-
er, these percentages will likely bereversed. Approxi-
mately 10 percent of the water is required for self-
supplied industrial uses, and 70 percent is used for
agricultural purposes.

Rainfall is the principal source of ground-water
recharge. Local mean annual rainfall ranges from
less than 510 to more than 7,600 mm. Ground-water
recharge has been estimated at about 9.08 km3/yr
(285 m3/s) or about 30 percent of the rainfall.

Most fresh ground water in the region is stored in
the underground space below sea level in porous lava
flows, much of it in basal-water bodies floating on
heavier saline ground water intruded from the sea.

Ground-water problemsin the region generally can
be subdivided into three categories: (1) Areas of
inadequate information where the major problems
are related to the geologic framework and climatic
parameters; (2) hydrologic problems where the major
difficulties are related to the quality and the quality
impairment of ground water and its quantification in
both time and space; and (3) institutional areas
where the major problems are in management and
monitoring related to S*ate and Federal statutes,
including rights and allocations.

IDAHO

Water resources of the upper Henrys Fork basin above Ashton

The USGS, in cooperation with the Idahio Depart-
ment of Water Resources, completed a 2-year investi-
gation of the upper Henrys Fork basin.

R. L. Whitehead reported that volcanic rocks and
alluvium comprise most of the basin’s aquifer mate-
rials. Ground water moves through topographic
subbasin divides, but most of it leaves the basin as
surface flow. Large springs and ground-water accre-
tion sustain flows in many of the basin’s streams.

About 1.28x10° m? of surface water flows out of the
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basin annually. This amount represents about 53 per-
cent of the basin’s estimated 860 mm of annual
precipitation. The high yield is greatly influenced by
permeable volcanic ash flows.

The basin’s water quality is generally excellent, as
samples from about 60 sites indicate, but there are
exceptions. Specific conductance values ranged from
less than 100 to about 300 xmho, except in some
ground water sampled near Ashton, where values
ranged to 800 umho.

Ground-water resources of the Mountain Home plateau

Agricultural development of the ground-water re-
sources of the Mountain Home plateau in Idaho has
caused water-level declines in several areas. A 1-year
study conducted by H. W. Young showed declines of
nearly 9 m since 1967.

An inventory of 260 wells in the plateau indicated
that ground water occurs under water-table condi-
tions; the most productive aquifers occur in the
basalts of the Bruneau Formation and the terrace de-
posits of the Pleistocene Idaho Group. Ground-water-
level fluctuations in the plateau respond chiefly to
surface-water irrigation and pumpage for ground-
water irrigation.

Sources of recharge to the ground-water systems
are Boise River drainage water, precipitation in the
adjacent mountains, and precipitation on outcrops of
the Miocene Idavada Volcanics, both within and
outside the drainage divide.

Ground water-surface water relationships in the Silver Creek area

J. A. Moreland studied ground water-surface water
relationships in the Silver Creek area of Blaine
County, Idaho, as part of a compreliensiveinvestiga-
tion of the area’s water resources. Ground-water
withdrawals caleulated for 1975 totaled about 20 hm3
of pumped ground water and 15 hm?3 of ground water
extracted through flowing wells. Shallow test holes
were drilled and cased to define the extent and
effectiveness of confining layers in the southern part
of the valley. Water-level fluctuations monitored in
almost 75 wells showed seasonal variations of 12 m
in the northern part of the area and lessthan 1.5min
some wells in the southern part of the area. Most of
the flow in Silver Creek rises from springs discharg-
ing from the shallow aquifer near the edge of the
confining member. Only a small amount of discharge
to the creek is attributable to upward movement of
water through the confining member. Discharge
from the artesian aquifer near Stanton Crossing may
contribute a significant part of the spring flow that
feeds the Big Wood River.
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Residential development along the northwestern
shore of Topaz Lake has been limited by the Nevada
State Board of Health in response to concern about
the effects of septic-tank effluents on the quality of
individual domestic water supplies and the lake.
Existing hydrologic and water-quality data were
compiled by J. R. Harrill and J. O. Nowlin (1976)
(Nowlin, 1976) to provide a base against which to
measure the effects of future development. The cur-
rent site inventory includes data for 52 wells, 2
springs, the lake, and a tributary stream. Most
domestic wells are finished in one or more of the
confined alluvial aquifers that are upgradient from
and apparently hydraulically connected to the lake.
Ground waters are of a calcium-bicarbonate type; the
upgradient waters have higher concentrations of
sulfate and dissolved solids than waters near the
lake. The waters generally meet drinking-water
standards, with the exception of one well yielding
water with high arsenic ( >300 ug/L). Background
concentrations of nitrate-nitrogen are generally less
than 1.5 mg/L, except in five wells that produce
water with 3.0 to 11 mg/L. Concentrations of dis-
solved organic carbon at 10 sites ranged from 0 to 0.1
mg/L.

OREGON

Ground water near Winston

Wells near Winston in southeastern Oregon pro-
duce water of variable quality and quantity, but most
of the water is adequate for domestic supplies.
According to J. H. Robison and C. A. Collins, total
dissolved-solids concentrations generally range from
about 50 to 500 mg/L, although water with dissolved-
solids concentrations as high as several thousand
milligrams per liter is found in places. The area’s
wells, which are an average of about 30 m in depth,
produce from less than 0.1 to about 2.5 L/s of water
from Eocene and pre-Tertiary rocks.

Ground-water quality in the Dallas-Monmouth area of the
waest-central Willamette Valiey

Eocene marine-rock formations contain brackish
ground water at depth throughout the Dallas-
Monmouth area of Oregon on the western edge of the
Willamette Valley. In the foothills of the Coast
Range, brackish water apparently occurs at shal-
lower depths beneath valleys than it does beneath
uplands. A study by J. B. Gonthier indicated that this
relationship is less apparent in the eastern part of the
area where the topography is more subdued.
Observed specific conductivity of ground waterin the
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study area ranged from less than 50 to more than
16,000 umho/cm at 25°C.

WASHINGTON

Hydrology of the Pullman-Moscow basin

R. A. Barker developed a digital model of the pri-
mary aquifer system in the Pullman-Moscow basin.
The basin comprises about 660 km? in southeastern
Washington and northern Idaho in which ground-
water levels in the primary basalt aquifer have
declined about 24 m since 1900. Pumpage in 1975 of
about 8 hm3 supported both irrigation and public
supplies.

Model simulation showed that vertical leakage
from upper unconfined aquifers is the most impor-
tant source of recharge to the primary aquifer system
within the basin; flux simulated for 1975 was about 6
hm3. The calibrated storage coefficient for the pri-
mary aquifer ranges from 0.005 to 0.006, and the
calibrated transmissivity ranges from 26 to 8,560
m2/d.

Simulation runs for the period 1975-2000 predicted
an additional water-level decline of 9 to 10 m for that
period if pumpage rates are doubled. However, if 1975
pumpage rates are tripled, the projected decline from
1975 to 2000 is as much as 17 m.

Design of a streamflow-data network

A statistical procedure that evaluates the improve-
ment in accuracy of streamflow-parameter estimates
was used by W. L. Haushild and M. E. Moss in the
design of the streamflow-data networks for Wash-
ington. Results indicated that there would be no
improvement in the ability to transfer information
from gaged to ungaged sites by means of regional
regression analyses if the existing streamflow-data
base were extended either by adding new gaging
stations or by extending the existing records. There-
fore, the streamflow data networks in Washington
will be comprised of stations used for the following
purposes: (1) definition of long-term trends, (2)
current-purpose data, and (3) collection of data for
inter-station transfer of information by correlation
analysis.

SPECIAL WATER-RESOURCE
PROGRAMS

DATA COORDINATION, ACQUISITION,
AND STORAGE

OFFICE OF WATER-DATA COORDINATION
The Office of Water Data Coordination (OWDC)
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has a continuing responsibility to implement Office
of Management and Budget (OMB) guidelines for
the coordination of certain water-data-acquisition
activities by Federal agencies. During FY 1977,
progress was made in several major areas of OWDC’s
coordination programs: (1) Field-level coordination
and planning, (2) compilation of the “Catalog of
Information on Water Data” (3) preparation of a
series of nationally consistent hydrologic unit maps,
and (4) recommendations regarding methods of coor-
dinating activities.

The “Federal Plan for the Acquisition of Water
Data, Fiscal Year 1977,” which documents the FY
1977 field-level coordination effort, was distributed in
March 1977. In addition to a region-by-region sum-
marization of 21 regional plans, several important
activities related to the coordination effort are
reported in this document. These related coordi-
nation activities include the current status of
implementation of the National Water Data
Exchange (NAWDEX), the stream-quality and
stream-quantity components of the Level I account-
ing element of the National Water Data Network, the
National Water Quality Surveillance System of EPA,
and the water-data-acquisition activities of several
USGS divisions.

The computer file of the “Catalog of Information
on Water Data” has been updated through 1976, and
the sections on streamflow and stream stage, surface-
water quality, ground-water quality, and areal inves-
tigations and miscellaneous activities were also
updated and added to the catalog. Short-term data
activities (station activities with less than 3 years of
continuous record) of all participating agencies were
included in the catalog for the first time.

There is an increasing need for information on the
water resources of areas where urban and industrial
growth is continuing in coastal regions. To help meet
this need, a special section of the four-volume
“Catalog of Information on Water Data” lists water-
data-acquisition activities in coastal and estuarine
counties, including those around the Great Lakes.

Most of the chapters in OWDC’s new “National
Handbook on Recommended Methods for Water
Data Acquisition” have been completed. In addition
to categories (surface water, ground water, chemical
and biological quality of water, automatic monitors,
and fluvial sediment) covered in the 1972 preliminary
edition, the new handbook includes chapters on soil
moisture, basin characteristics, evaporation and
transpiration, snow and ice, and hydrometeorologi-
cal observations. In February 1976, the U.S. Bureau
of Standards designated the Coordinating Council
for Water Data Acquisition Methods (the steering
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committee for the “recommended-methods” effort)
as the Federal Interagency Metric Panel for
Hydrology. This body is responsible for recom-
mending metric units, precision and accuracy limits,
conversion factors, and conversions of equipment for
hydrologic measuments.

Publication of the USGS State Hydrologic Unit
Map series was completed in May 1977. The series,
sold and distributed by the USGS, consists of 47 sep-
arate maps (1:500,000 scale) of the 50 States and
Puerto Rico that show a numerically digitized hier-
archy of hydrologic units that are basically hydro-
graphic in nature. These units range in areal extent
from the regions and subregions designated by the
U.S. Water Resources Council for use in its national
assessments to the accounting units of the National
Water Data Network and the cataloging units used
for the “Catalog of Information on Water Data.”

Digitized data are being acquired for all of the
hydrologic-unit boundaries for each State within the
conterminous United States. These data will be used
to (1) computedrainage areas for all hydrologic units,
(2) plot hydrologic-unit boundaries on other maps,
and (3) identify hydrologic-unit code assignments for
stations by computer search, using known latitude
and longitude coordinates of a site.

The first joint meeting of the Advisory Committee
on Water Data for Public Use (non-Federal) and the
Interagency Advisory Committee on Water Data
(Federal) was held in Denver, Colo., from November
30 to December 2, 1976. The meeting was cochaired
by the Director and the Chief Hydrologist of the
USGS and was attended by more than 100 members
and observers. The following items were included in
the meeting agenda: (1) A review of the progress
made over the past year in the implementation of
OMB guidelines; (2) reports of the first meeting of the
newly impaneled Federal interagency working
groups on needs for data on the quality of precipita-
tion and the water quality of small watersheds and
on improved communications; (3) reports of progress
on the implementation of NAWDEX and the devel-
opment and refinement of the transmission of water
data via satellite data-relay systems; (4) a working-
group session to review the USGS’s pilot river-
quality assessments; (5) a working-group session to
consider the preparation of the “National Handbook
of Recommended Methods”; and (6) a working-group
session to consider ways and means of improving
communications between agencies that collect water
data and agencies that use water data. The meeting
agenda also included a tour of the recently dedicated
USGS National Water Quality Laboratory in
Denver.



126

NATIONAL WATER DATA EXCHANGE

The National Water Data Exchange (NAWDEX)
was established to assist users of water data in the
identification, location, and acquisition of needed
data. NAWDEX consists of water-oriented organiza-
tions throughout alllevels of Federal, State, and local
governments, as well as private organizations that
work together to make their water data readily and
conveniently available. Membership in NAWDEX is
voluntary and open to any water-oriented organiza-
tion that wishes to take an active role in NAWDEX
activities. There are no dues or fees associated with
membership.

The central management of NAWDEX is provided
by a Program Office located at the USGS National
Center in Reston, Va. It has the responsibility for
coordinating all operational activities within the
program. A network of 51 Local Assistance Centers
(LAC’s) in the offices of NAWDEX members provides
local and convenient access to NAWDEX and its ser-
vices; there are LAC’s in 45 States and Puerto Rico.
(A list of LAC’s and their locations may be obtained
from the NAWDEX Program Office.) Most centers
are equipped with computer terminals and thereby
provide an extensive telecommunication network for
access to the computerized directory and indexes
maintained by the NAWDEX Program Office.

Identification of sources of water data

The NAWDEX Program Office maintains a
computerized “Water Data Sources Directory.” This
directory identifies organizations that collect water
data, locations within these organizations from
which data may be obtained, the geographic areasin
which water data are collected by these organiza-
tions, the types of water data collected, alternate
sources for acquiring the organization’s data, and
the media in which the data are available.

Nationwide indexing of water data

A computerized “Master Water Data Index” identi-
fies individual sites for which water data are availa-
ble, the locations of these sites, the organizations
collecting the data, the hydrologic discipline repre-
sented by the data, the periods of record, water-data
parameters, the frequency of measurement of the
parameters, and the media in which the data are
available. These data are collected by 21 Federal
agencies and more than 300 non-Federal organiza-
tions.

Data search assistance

Through its “Water Data Sources Directory,” its
“Master Water Data Index,” and other indexes and
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reference sources made available by its participating
members, NAWDEX assists its usersin locating data
of special interest. These data include water data in
computerized form and in published and unpub-
lished forms. Data search assistance may be
obtained from the NAWDEX Program Office or from
any of the LAC's.

WATER-DATA STORAGE SYSTEM

The USGS uses a digital computer to process, store,
retrieve, and display water-resource data. The com-
puter is also used in water-resource studies that
require capabilities in statistical and analytical
techniques, graphical display and map presentation
of data, and mathematical modeling of hydrologic
systems. The computer system consists of a central
computer located in Reston, Va., and remote terminal
facilities located in 45 States.

Data on daily discharge, collected by the USGS
and cooperating Federal and State agencies at about
10,000 regular streamflow stations, are stored on
magnetic tape. The volume of data holdings is
equivalent to about 310,000 station years of record.
More than 80 percent of all streamflow data collected
under this program is covered. The data are stored in
discrete units containing figures for daily water
discharge for each gaging station and for each year
of record; thus, the data are compatible with a varie-
ty of statistical programs for analysis on the basis of
calendar years, water years, climatic years, or any
other period desired.

An automated system for storage and retrieval of
surface-water-quality data has been in use since
1959. All data collected since then, plus selected long-
term historical records, have been entered into the
system. The system contains the following types of
data: (1) Chemical and physical analyses of surface
water, (2) suspended sediment, (3) water temperature,
(4) specific conductance, and (5) multi-item data
collected by digital monitors. The results of about 1
million analyses are stored in the file.

A new automated system for storage and retriev-
al of ground-water data has been introduced. The
Ground-Water Site Inventory data base operates
under a proprietary data-base management system
that allows data retrieval on the basis of about 30 key
parameters. Information in the new file includes data
on location, physical characteristics, construction
history, geohydrology, aquifer characteristics, field
quality determinations, and water levels and with-
drawals for wells, springs, or other sources of ground
water. By the end of February 1977, records of about
440,000 wells and springs had been converted from
the old punchcard format and entered into the new
system.
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URBAN WATER PROGRAM

The USGS urban-hydrology program includes
studies of the relation of rainfall to runoff, to sedi-
ment transport, to the chemical and biological qual-
ity of the runoff, and to ground-water recharge under
various types and degrees of land development. The
program’s objective is to provide generalized rela-
tions for estimating the hydrologic changes caused
by urbanization.

Hydrologic modeling

To provide preliminary criteria for the design of
storm-drainage facilities in the Memphis area of
Tennessee, C. W. Boning developed a regression
model to synthesize annual peak flows for small
streams. The model, developed from data on 57 flood
peaks at 20 gaging stations, expresses dischargeas a
function of drainage area, the percentage of the area
that is impervious, and maximum 2-hour rainfall.
Model error is about 25 percent. A test of the predic-
tive accuracy of the model using data on 45 addi-
tional peaks, some of which occurred at gaging
stations not used in model development, indicated
that the model has a standard error of prediction of
about 35 percent. The model is being used to develop
flood-frequency curves for basins of various sizes and
various percentages of imperviousness. The ultimate
objective of the project is to use a rainfall-runoff
model, calibrated for streams in the area, to make
more accurate predictions of flood frequency.

J. M. Knott and D. R. Dawdy used a modified
version of the USGS rainfall-runoff model to study
the hydrology and water quality of the Calabazas
Creek basin in California. The modelis a hybrid of (1)
the antecedent-moisture and infiltration components
of the previous model and (2) a routing component
based on the motion of a kinematic wave in uniform
channels receiving lateral and upstream flows.
Because the model incorporates many physical char-
acteristics of the basin in the simulation of storm
events (slope, roughness, channel dimensions, basin
dimensions, and proportion of impervious area),
discharge hydrographs can be generated for any
stream coordinates in the basin. The model also can
generate discharge hydrographs for adjacent basins
if rainfall, soil infiltration, and basin characteristics
are known. The model has been modified to permit (1)
simulation of storm runoff for a basin that contains
two different soil types and (2) Thiessen adjustment
of rainfall input data to vary rainfall data through-
out the basin.

High peak flows created by long-term, low-intensity storms

Peak runoffin the Portland area of Oregon appears
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to be influenced more by long, sustained rains than
by high rainfall intensities. Whereas extremely small
basgins with drainage areas of less than 1.0 km? and
with a high percentage of impervious area tend to
respond readily to the high-intensity rainfall, the
largest peak flows in most basins occur after rains of
long duration. According to Antonius Laenen,
rainfall intensities in the Portland area are lower
than those in many parts of the United States, and
intensities of 2.5 mm/h have been exceeded only
twice in 80 years at the Portland weather station.
Rainfall intensities of 0.8 mm in 5 minutes have been
exceeded only three times in 80 years.

Ground-water pollution potential from landfill site

L. L. Dearborn’s analyses of hydrologic and water-
quality data from the Merrill Field landfill (solid-
waste disposal) site at Anchorage, Alaska, indicated
that, although drawdown caused by pumping has
created a potential for downward movement of
polluted shallow ground water, the underlying
public-supply aquifers are not immediately endan-
gered. The water table in the area is at very shallow
depths, and natural artesian levels were higher than
the land surface when landfill operations began in
1950. The water-quality data show that the leachate
has apparently moved only a very short distance.
Although aquifer test data from a nearby well indi-
cated areal leakage rates asgreat as6 mm/d, vertical -
hydraulic conductivities determined from core sam-
ples at a test well within the landfill were very low
(0.02 mm/d).

WATER USE

Estimated use of water in the United States in 19756

C. R. Murray and E. B. Reeves reported that the
Hydrologic Review Group of the USGS Water Re-
sources Division, in cooperation with the Division’s
district offices, surveyed water use for 19751in order to
update the 1970 water-use data report (Murray and
Reeves, 1972). Some of the preliminary water-use
data for 1975 are shown in tables 2, 3, and 4.

Table 2 shows populations, water withdrawals for
each of the water-use categories, quantities of water
derived from various sources, water consumption
(water removed from the water environment and not
available for reuse), and water used for hydroelectric
power production in the United States from 1955 to
1975. Percentage changes for each of these items
from 1970 to 1975 are also shown.

About 1,600 hm3/d, equivalent to about 7.32 m3/d
per person, was withdrawn for uses other than the
generation of hydroelectric power. About 360 hm3/d
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TABLE 2.—Water withdrawals, sources, and consumption in the United States, 1955-75

[Partial figures may not add to total k

i 3
of P

Percent

change,
1955 1960 1965 1970 1975 1970-75
Total population (millions) _____ 164.0 179.3 193.8 2032 2150 +5
Withdrawals (hm3/d):
Public supplies —__________ 64 79 91 100 110 +10
Rural domestic and
livestock 14 14 15 17 18 +6
Irrigation 420 420 450 490 530 +8
Thermoelectric power ______ 270 420 490 640 740 +16
Other self-supplied
industrial _____________ 150 140 170 180 170 -6
Total _ 920 1,100 1200 1,400 1,600 +14
Sources from which water
was withdrawn (hm3/d):
Ground water:
Fresh 180 190 230 260 320 +24
Saline 25 14 1.8 3.8 4.4 +16
Surface water:
Fresh 680 720 790 950 1,000 +5
Saline 68 120 160 200 240 +20
Reclaimed sewage _________ 0.76 0.38 2.6 1.9 1.9 +0
Consumption (hm3/d) _________ L 230 290 3302 3602 +10
Water used for hydroelectric
power (hm3/d) __________ 5,700 7,600 8,700 10,600 12,600 +19

' Data not available.
* Freshwater only.

(23 percent) of the freshwater withdrawn was con-
sumed, a per capita consumption of about 1.66 m3/d.
About 12,600 hm3/d (568.6 m3/d per person) was
withdrawn for hydroelectric-power generation.
Water withdrawn for industrial uses (including
water used for thermoelectric-power production) was
about 910 hm3/d (4.2 m3/d per person), of which
about 645 m3/d was freshwater and about 265hm3/d
was saline water. Irrigation withdrawals accounted
for about 530 hm3/d (2.5 m3/d per person), public-
supply uses required 110 hm3/d, and rural domestic
and livestock uses were about 18 hm3/d. Ground
water furnished about 19.6 percent of all water (both
fresh and saline) withdrawn and accounted for 23.7
percent of freshwater withdrawals. Rounded figures
indicate that 58 percent of the water withdrawn was
used by industry, 34 percent was used forirrigation, 7
percent was used for public supplies, and 1 percent
was used for rural domestic and livestock purposes.
Irrigation consumption was 302 hm3/d, 83 per-
cent of the 362 hm?3/d of freshwater consumed. Public
supplies consumed 25 hm3/d (7 percent of total
consumption), industry consumed 23 hm3/d (6 per-

cent of total consumption), and rural domestic and

livestock uses consumed 13 hm3/d (4 percent of total
consumption).

Estimates of water withdrawals by sources and of
freshwater consumed in each of the Water Resources
Council (WRC) regions (fig. 3) are shown in table 3.

Table 4 shows average per capita water withdra-
wals and average per capita freshwater consumption
in the 9 eastern WRC regions, the 9 western WRC
regions, and the 50 States, Puerto Rico, and the
Virgin Islands. It also shows the per capita use for (1)
public supplies, (2) total withdrawal uses, and (3)
withdrawal uses plus hydroelectric-power use.

About 93 percent of the 530 hm3/d of water with-
drawn for irrigation was withdrawn in the 9 western
regions, which approximately correspond to the 17
Western States. About 57 percent of the water with-
drawn for irrigation in the United States was con-
sumed. About 86 percent of the 645 hm3/d of self-
supplied industrial water was withdrawn in the 9
eastern regions, which approximately correspond to
the 31 Eastern States. Only about 3 percent of the
total freshwater and saline water withdrawn by
industry was consumed. Consumption by thermoe-
lectric powerplants amounted to about 0.86 percent of
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FI1GURE 3.—Map of the United States showing Water Resources Council regions.

withdrawals, and water consumed by other indus-
tries was about 11 percent of withdrawals.

About 36.6 hm3/d (0.72 m3/d per person), 46 per-
cent of which was ground water, was withdrawn in
the nine western regions for public supplies in 1975;
about 72.9hm3/d (0.60 m3/d per person), about 31 per-
cent of which was ground water, was withdrawn for
public supplies in the nine eastern regions. Consump-
tion of water in 1975 for public supplies in the West
was 13.4 hm3/d, or about 37 percent of withdrawals;
the consumptive use for public supplies in the East
was 11.5 hm3/d, or 16 percent of withdrawals. Per
capita consumption was 0.26 m3/d in the western
regions and 0.10 m3/d in the eastern regions.

Public-supply withdrawals used for residential
purposes in the West cause a greater draft on the
supply then they do in the East. In the arid West, the
large quantities of water used for the irrigation of
lawns increase both per capita withdrawals and per
capita consumption. Water delivered for domestic
and public uses and water-system losses in 1975

accounted for 74 percent, or 27.3 hm3/d (0.54 m3/d per
person), of the public-supply withdrawals in the nine
western regions but for only 66 percent, or 48.2hm3/d
(0.40 m3/d per person), of the public-supply withdra-
wals in the more populous eastern regions. About
951 hm3/d (0.19 m3/d per person) from public
supplies was used by commerce and industry in the
West, and about 24.6 hm3/d (0.20 m3/d per person)
was so used in the East.

Ground water (fresh and saline) withdrawn in 1975
for industrial uses (excluding thermoelectric power
production) was about 16.7 hm3/d in the nine western
regions and about 23.1 hm3/d in the nine eastern
regions; fresh ground water accounted for 15.0 hm3/d
in the West and 21.1 hm3/d in the East. Excluding
water used by thermoelectric powerplants, ground
water amounted to 44 percent of all water
withdrawals for industry in the West and 18 percent
of water withdrawals for industry in the East.
However, ground water furnished 60 percent of the
freshwater withdrawals for industrial uses
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TABLE 3.—Water use (excluding that used for hydroelectric power) in 1975

[Quantities are shown to three significant figures unless they are less than unity]

Freshwater withdrawn (hm3/d)

Saline water Freshwater
Water Resources Ground Surface Waste- Al withdrawn! consumed

Council region water water water freshwater (hm?/d) (hm?/d)
New England 2.29 18.9 0 21.2 40.8 1.53
Mid-Atlantic _ _ 10.2 83.5 0.56 94.3 102 5.90
South Atlantic-Gulf 20.7 91.9 0 113 52.7 14.2
Great Lakes _ : 4.46 132 0 136 1.51 3.61
Ohio _ 6.61 127 0 134 .08 457
Tennessee 1.03 39.7 0 40.8 0 1.07
Upper Mississippi — 8.95 62.2 0 71.2 .06 3.03
Lower Mississippi _ 18.4 45.8 0 64.2 1.13 20.8
Souris-Red-Rainy .33 1.02 0 1.35 0 .35
Missouri Basin 39.5 93 .30 133 14 55.6
Arkansas-White-Red _____________ 33.4 22.7 .01 56.1 .55 34.2
Texas-Gulf 27.3 41.7 12 69.1 194 29.4
Rio Grande _____ 8.77 11.6 .08 20.5 .02 13.1
Upper Colorado 47 14.9 0 15.4 .07 6.22
Lower Colorado ________________ 20.2 13.1 .25 33.6 0 24.7
Great Basin —_ 5.35 20.4 .04 25.8 .69 13.5,
Pacific Northwest _______________ 278 96.9 .03 125 .15 40.0
California 72.5 83.0 .61 156 376 86.8
Alaska _ 17 .60 0 77 0 .02
Hawaii 3.36 2.54 0 5.09 3.70 2.26
Caribbean .69 1.91 0 2.60 12.2 .88

Total _— 312 1,000 2.00 1,320 273 362

! Water containing 1,000 mg/L or more dissolved solids, for industrial purposes.

(excluding thermoelectric power) in the West and 18
percent in the East.

Comparisons of the preliminary 1975 water-use
data and the 1970 water-use data indicated that the
proportion of water withdrawn for irrigation de-
creased 1 percent and that the percentage of water
consumption for each major category of water used,
in comparison with total consumption, was nearly

the same in 1975 as it was in 1970. Consumption for
irrigation decreased 1 percent, and consumption by
industry increased 1 percent. However, percentages
of increased use were not as great from 1970 to 1975
as they had been from 1965 to 1970; irrigation, how-
ever, showed over 8-percent increases during both 5-
year periods. The 5-percent increase in population
during each of the 5-year periods was reflected in

TABLE 4.—Per capita water withdrawals and water consumptions in the eastern
and western Water Resources Council regions and the United States, 1975

Public supplies All withdrawal uses Freshwater
Domestic Excluding Including consumed,
Population All and public Total water water all off-channel
served uses uses population power power uses
Area (millions) (m3/d) only! (m3/d) (millions) (m3/d) (m3/d) (m3/d)
WRC regions:
Eastern (9) ______________ 121.072 0.60 0.40 148.414 5.88 42.42 0.37
Western (9) —— 50.810 72 54 61.317 11.17 128. 4.95
50 States, D.C.,
PR.andVI ___________ 175.199 64 44 217.483 732 65.05 1.66

! Includes water losses in systems.
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increased water use. In 1975, the only category of
water use that had not increased at a rate exceeding
the rate of population growth was self-supplied
industrial use (excluding thermoelectric power use),
which decreased 6 percent; however, industrial use
(including thermoelectric power use) increased 12Y;
percent.

The quantity of water withdrawn from fresh
surface-water supplies increased only 5 percent from
1970t0 1975. To meet the increased demand for water,
increases of 24 percent in fresh ground-water with-
drawals and 20 percent in saline surface-water with-
drawals were necessary. The 5-percent increase in
fresh surface-water withdrawals was accompanied,
however, by a 19-percent increase in its in-channel
use for hydroelectric power development, an increase
attributed to the increased cost of fossil and nuclear
fuels.

Water use in thermoelectric powerplant cooling

One of the largest water-consuming activities in
the Nation is the cooling of thermoelectric power-
plants. The basic technologies now used are once-
through cooling, ponds, and evaporative cooling
towers. All of these cooling methods involve evapora-
tion, a consumptive use of water. In the case of ponds
and towers, a consumptive use is easily determined
as the difference between withdrawal and discharge.
For once-through cooling, however, withdrawal and
discharge are equal; all of the evaporation takes
place in a natural water body. R. M. Hirsch devel-
oped a steady-state numerical model of evaporative
losses for laterally and vertically mixed rivers. The
theoretical basis for the model was a heat-balance
study of rivers and canals made by H. E. Jobson
(1973). The model demonstrates that evaporation
accounts for between 25 and 80 percent of the cooling
load. (The remainder of the heat is lost through
conduction and back radiation.) The 25-percent value
is for very cold (about 0°C) water temperatures and
calm winds, whereas the 80-percent value is for high
(about 35°C) temperatures and high windspeeds
(about 7m/s). Model results (in cubic meters of water
per second per megawatt of heat flux) are given in
terms of a few essential parameters—natural water
temperature, initial temperature rise due to thermal
load, windspeed, and atmospheric pressure.

Hirsch also developed a similar model of evapora-
tion in a cooling-pond system, and the results (in
cubic meters of water per second per megawatt of
heat flux) are expressed in terms of natural water
temperature, heat load per unit pond area, winds-
peed, and atmospheric pressure.

By integrating the results of each of these models
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over the range of climatic conditions typical for the
Yampa River basin of Colorado, estimates of annual
consumption for a 2,000-MW powerplant were devel-
oped. Annual consumption was estimated at 16.5
hm? for once-through cooling and 35 hm? for ponds.
Apparently, in this environment, once-through cool-
ing consumes only about 40 percent as much water as
cooling towers, whereas ponds consume 86 percent as
much water as cooling towers.

Water consumed by coal mining and power production

F. A. Kilpatrick and G. H. Davis (1976) reported
that water consumed (water no longer available for
reuse) by surface coal mining is 17 L/t, whereas
water consumed by underground coal mining is 63
L/t. Also, there is a 33-L/t waste-disposal require-
ment for each type of mining. In the arid and
semiarid West, an additional 67 L/t is consumed by
vegetation established on reclaimed surface-mine
spoils.

Total water consumption for coal mining in the
United States is about 43 hm3 per year or about twice
the amount of water consumed by a single coal-fired
2,000-MW thermoelectric powerplant. Water
consumed by coal-fired powerplants is about 18,500
m3/yr for each megawatt of capacity;if wet scrubbers
are required for air-pollution control, water
consumption increases 20 percent.

On a comparable energy-output basis, coal-
gasification and coal-liquefaction processes consume
from about 25 to 100 percent as much water as a coal-
fired powerplant, depending on the amount of air
cooling used in a powerplant.

irrigation water use increasing in southeastern Missouri

A study of the Mississippi River Embayment in
southeastern Missouri is being made by R. R. Luckey
to determine the amount of ground water available
for irrigation in the area. There are presently more
than 3,500 irrigation wells in the 10,000-km? area,
and this number is increasing at a rate of more than
10 percent/yr. The principal crops include rice,
soybeans, corn, cotton, and small grains. Synoptic
water-level measurements made in approximately
800 wells in the spring and fall of 1976 indicated that
there is no long-term decline in water levels despite
continuing development for irrigation. Similar
water-level-measurement programs were carried out
in 1956 and 1965.

The irrigation wells are developed in 15 to 50 m of
alluvium and will yield from 0.03 to over 0.20 m3/s.
Water-use data collected as part of this project
indicated that, during 1976, from 600 to 1,200 mm of
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supplemental water was needed to irrigate the rice
crop, whereas the corn crop required from 50 to 100
mm.

Water use in Nevada in 1975

During 1975, about 4,860 hm? of water (excluding
that used for hydroelectric power) was withdrawn in
Nevada, according to J. O. Nowlin and J. R. Harrill.
About 3,920 hm?® was supplied by surface-water
sources, and the remaining 950 hm?3 was supplied by
ground water (well pumpage and spring diversions).
About 1,200 hm? of the water withdrawn was con-
sumed. Total withdrawals (including water used for
hydroelectric power) increased from about 5,670 hm3
in 1970 to about 6,090 hm? in 1975. This change was
primarily due to increased use of imported Colorado
River water and to increased ground-water pumpage
for irrigation.

NATIONAL WATER-QUALITY PROGRAMS

Yampa River basin water-quality study

A river-quality assessment study is being con-
ducted to investigate the potential environmental
effects of developing coal resources in the Yampa
River basin of northwestern Colorado and south-
central Wyoming (T. D. Steele, D. P. Bauer, D. A.
Wentz, and J. W. Warner, 1976; T. D. Steele, 1. C.
James II, and D. P. Bauer, 1976; R. M. Eddy, 1976).
Steele (1976) defined water-quality conditions at 82
sites in the basin. Three sites were found to have high
concentrations of Cu, Fe, Mn, Pb, and V in water and
Cr and Fe in bottom sediments. On the basis of
benthic-invertebrate samples, three other sites had
diversity indices of less than 1. At 33 sites, iron
concentrations exceeded the maximum recom-
mended by the USPHS for drinking water.

A waste-assimilative capacity study of the Yampa
River between Steamboat Springs and Hayden,
Colo., determined nutrient concentrations resulting
from discharge of treated wastes. Steele estimated
that future nonionized ammonia concentrations may
exceed by a factor of 2 to 3 a proposed stream stan-
dard of 0.02 mg/L. Field data for this analysis
indicated an inverse relationship between variations
in nutrient concentrations and diversity indices at
sampled sites.

Preliminary solute-transport modeling of the
ground water in an intensively mined area of the
basin indicated that conservative solutes—
waterborne salts and trace metals from overburden
waste piles—will reach the Yampa River through
subsurface flow within 60 years.
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National Stream Quality Accounting Network

The USGS’s National Stream Quality Accounting
Network (NASQAN) provides a uniform assessment
of the quality of U.S. rivers. At each of 345 NASQAN
stations, the USGS monitors volume of streamflow,
water temperature, specific conductance, pH,
pollution-indicator bacteria, 14 common inorganic
constituents, 11 trace elements in both total and
dissolved forms, 3 forms of major biological
nutrients, concentrations and sizes of suspended
sediments, numbers and types of phytoplankton
(floating algae), and organic carbon. In addition,
samples for analyses of about 20 pesticide
compounds are collected quarterly at 153 selected
NASQAN stations, and 51 stations are sampled for
radiochemical analyses.

NASQAN is an accounting network designed so
that the stations measure the quantity and quality of
water flowing from nearly all of the 350 hydrologic
units designated by the U.S. Water Resources Coun-
cil. Consequently, maps of the United States can be
constructed with the accounting units colored or
shaded to represent the quality of the water leaving
the units; figure 4, which represents concentrations
of nitrite plus nitrate nitrogen, is an example of one of
these maps. According to the map, the highest
concentrations of nitrogen occur in agricultural
regions of the country. (These high nitrogen concen-
trations probably result from the use of artificial
fertilizers and erodible soils.) The lowest concentra-
tions of nitrogen occur in forested regions, in some
desert regions, and in sparsely populated areas.

R. O. Hawkinson, J. F. Ficke, and L. G. Saindon
(1977) used NASQAN data to describe the quality of
U.S. rivers during the 1974 water year. Similar
reports are being prepared for the 1975 and 1976
water years. Maps of the type shown in figure 4 are
used in the annual environmental-quality reports of
the Council on Environmental Quality and are of
value for many other kinds of assessments of
national resources.

Central Laboratories System

The Central Laboratories System expanded the
types of analytical services available to water-
resource projects during 1977. According to W. A.
Beetem, about 8 percent of the laboratories’ man-
power was reassigned to programs involving custom
analyses of chemicals affecting the environments.
The Albany Central Laboratory’s work on inorganic
analyses was reassigned to the Atlanta and Denver
Central Laboratories, and the Albany Central
Laboratory was closed. To better respond to the
Federal programs related to examining concentra-
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FIGURE 4.—Map of the United States showing data on mean concentrations of nitrite plus nitrate nitrogen collected at NASQAN stations during
the 1976 water year. (Prepared in cooperation with the Council on Environmental Quality.)

tions of trace metals and trace organics in water,the | yses workload for 1977 increased about 12 percent
Atlanta Central Laboratory was enlarged. The anal- | over that for 1976.
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ATLANTIC COAST

Structural and geophysical studies of the Atlantic Continental

Margin

Analysis of 770 km of multichannel reflection data
collected over Georges Bank and adjacent areas
revealed the presence of deeper block-faulted basins
under the main part of the Georges Bank basin.
According to J. S. Schlee, the main basin contains up
to 8 km of presumed Jurassic and younger sedimen-
tary rocks as a broad seaward-thickening accumula-
tion; most of the section is inferred to be Jurassic in
age. The underlying fault basins are areally res-
tricted and contain an unknown thickness of pre-
sumed Triassic and older sediments. They are proba-
bly the equivalent of similar fault basins already
described in the southern Gulf of Maine.

Three features that may have petroleum
possibilities are a zone of marked acoustic contrastin
the western part of the basin at a depth of 4.9 km, a
faint diapir within a block-fault basin under the
northern edge of the bank, and a broad warp (with
acoustic contrast) in the south-central part of the
basin.

dJ. C.Behrendt, K. D. Klitgord, J. A. Grow, and J. S.
Schlee noted that depth-to-basement estimates for
the continental shelf and slope north of Cape
Hatteras obtained by using both the USGS aeromag-
netic survey and the USGS common-depth-point
multichannel seismic-reflection lines were in close
agreement. They reveal not only the major troughs—
the Baltimore Canyon Trough and the Georges Bank
Trough—but also a series of smaller troughs south of
New England. The Long Island platform appears to
comprise a series of ridges and troughs oriented
along N. 25° E. Martha’s Vineyard and Nantucket,
Mass., sit on one of these ridges, separated by a deep
trough filled with Jurassic (Triassic?) sediments.
South of the Long Island platform (just north of and
beneath the east coast magnetic anomaly)is another
deep narrow trough that connects the Baltimore
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Canyon Trough with the Georges Bank Trough.
South of Cape Hatteras, there appears to be yet
another deep trough extending from the cape to the
Blake Plateau. This trough is located between the
“Brunswick” anomaly along the coast and the East
Coast magnetic anomaly further seaward.

Investigations of the oceanic crust between Ber-
muda and the Atlantic margin have yielded a pattern
of sea-floor-spreading magnetic anomalies and frac-
ture zones remarkably consistent with those found
along the African margin. The use of seismic-
reflection and aeromagnetic data show that these
fracture zones continue onto the Atlantic Continen-
tal Shelf and should permit an accurate reconstruc-
tion of the initial fit of Africa to North America. The
apparent close coincidence between the locations of
the fracture zones and the limits of the numerous
basins located along the margin suggests a causal
link between them. The major seismic activity along
the coast also appears to be associated with the
fracture zones.

The magnetic and seismic data obtained along the
continental slope reveal a ridgelike structure along
almost the entire margin. This feature generally is
located beneath the East Coast magnetic anomaly
but is too weakly magnetized to be the major source of
the anomaly. The “ridge” lies at a depth of 7 to 8 km
and probably is at the seaward edge of the deep
basins that lie along the continental margin between
the Blake Plateau and Georges Bank. Theridge may
be a carbonate structure or possibly may be volcanic.
It is possible that the East Coast magnetic anomaly
is primarily an edge effect between the flat-lying
sediments in the deep (12-14 km) trough just land-
ward of the anomaly and the oceanic crust just
seaward of the anomaly.

Approximately 39,000 km of new marine gravity
data were collected off the Atlantic Continental
Margin. A free-air gravity anomaly map of the data
north of Cape Hatteras (Grow and others, 1976)
reveals abrupt changes in mean field values or
transverse trends at several discreet locations along
the Atlantic Continental Margin. J. A. Grow noted
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that the major transition zones are east of Norfolk,
Va., the Delaware Bay, and Atlantic City, N.J., and
south of Martha’s Vineyard. The transition zones,
like the magnetic anomalies, reflect deep fracturesin
the continental crust that appear to extend beneath
the continental slope and rise. These zones were also
probably the loci of initial fracture zones formed
when Africa and North America separated during
the Jurassic.

The major sedimentary basins used for resource
studies and basement configuration are outlined by
the free-air gravity anomalies. Thick Mesozoic bas-
ins are characterized by broad free-air anomaly lows.
The transition zones may indicate regions of weak
crust and latent earthquake potential.

According to W. P. Dillon, a deep angular unconfor-
mity beneath the Blake Plateau in the southern
Atlantic region shows an abrupt deepening towards
the south along an extension of the trend of the Blake
Spur fracture zone, which was determined by K. D.
Klitgord from offsets of ocean-opening magnetic
stripes in the deep sea. The strata that were eroded to
form the unconformity probably were laid down in
troughs and deep zones formed by Triassic rifting
and during Jurassic continental drift. Apparently,
sediments laid down early in the formation of the
continental margin were uplifted and eroded, proba-
bly in Jurassic time, and this eroded surface was
covered by a high-velocity material that may be
volcanic rock. At roughly the same time, faults on the
fracture zone extension apparently were reactivated.
Thus, a minor tectonic interval, probably of Jurassic
age, has been inferred in the rocks beneath the Blake
Plateau. This interval might be correlated with a
radical change in spreading rate at the end of
Jurassic time.

Stratigraphic coring of the Atlantic Continental Sheif and Slope

The USGS carried out a 60-day program of core
drilling on the shelf and upper slope of the eastern
United States aboard the D/V GLOMAR CONCEP-
TION. The coring penetrated asmuch as 310 m below
the sea floor at 19 sites along the continental margin
from Georgia to Georges Bank off New England in
water depths ranging from 20 to 300 m; 1,020 m of
material were recovered in 380 cores ranging in age
from Late Cretaceous to Holocene. A preliminary
summary of the results of the Atlantic Margin Coring
Project has been released (Hathaway and others,
1976), and specific findings of some of the investiga-
tions are reported elsewhere in this volume.

Late Mesozoic and Cenozoic development of inner shelf off
Massachusetts

Interpretation of high-resolution subbottom profil-
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ing data by C. J. O’Hara, R. N. Oldale and J. M. Robb
defined the late Tertiary to Holocene history of
Buzzards Bay, Vineyard Sound, and eastern Rhode
Island Sound off Massachusetts. They found that the
deepest unconformity, of late Tertiary to early Pleis-
tocene age, delineates an inner lowland underlain
nearshore by pre-Mesozoic crystalline and sedimen-
tary rock of the Fall Zone and offshore by unconsoli-
dated to semiconsolidated coastal plain sediments of
Cretaceous to early Pleistocene age. The coastal
plain deposits underlie a cuesta that extends from
Long Island Sound to the eastern part of Georges
Bank in the Gulf of Maine. Paleodrainage patterns
indicate southward-flowing streams on the Fall Zone
surface and northward-flowing streams on the inface
slope of the cuesta. The stream valleys appear to be
tributary to a much larger subsequent stream, and
the regional slope of the Fall Zone surface suggests
that this stream probably flowed westward to a water
gap in the cuesta. Two glacial drifts overlie the
coastal plain strata. The lower drift may be of pre-
Sangamon age and may correlate with the older drift
deposits on Martha’s Vineyard and Long Island. The
upper drift is inferred to be of late Wisconsin age and
to correlate with end moraines and outwash deposits
of southern New England, Block Island, and Long
Island. The older drift and coastal plain deposits are
locally folded and faulted and may represent the
offshore equivalent of the ice-disturbed sediments of
Gay Head at Martha’s Vineyard. Prior to the postgla-
cial rise of sea level, the glacial drift and older depos-
its were subject to subaerial fluvial erosion, which de-
veloped three distinct drainage systems all flowing
southwestward. Radiocarbon dates from freshwater
peats indicate that complete margin submergence of
this region took place no earlier than 5,000 years ago.
Fluvial, estuarine, and marine deposits blanket this
youngest unconformity.

Environmental conditions of the Georges Bank area

Movement of bottom sediment as sand waves,
mainly in response to high waves and strong tidal
and storm-driven currents, probably constitutes the
main hazard to petroleum exploration and devel-
opment. D. W. Folger, Bradford Butman, and M. H.
Bothner found, however, that the surface of the thick
(80 m) layer of sand overlying the bank moves in a
broad spectrum of sand waves even during relatively
calm weather. Sediment apparently is widely dis-
tributed throughout the water column over the bank
during heavy weather. Internal waves may account
for some resuspension of sediment in the area, but
most resuspension is probably due to tides, winter
northeastern storms, and fall hurricanes. Seston
varies both in composition and in concentration in
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relation to season and weather conditions. A recon-
naissance seismic survey of the area suggests that
faulting does not constitute a major hazard.

Geological studies on the COST No. B-2 well in the Mid-Atlantic
Outer Continental Shelf area

Until recently, all information on the stratigraph-
ic framework of the U.S. Atlantic Outer Continental
Shelf (AOCS) had come from onshore wells, offshore
bottom sampling or shallow coring, geophysical
surveys, and extrapolation from Canadian offshore
wells. However, the first deep stratigraphic test well
was drilled on the AOCS by Ocean Production
Company, which acted as operator for a group of 31
petroleum companies, the Continental Offshore
Stratigraphic Test (COST) Group. This hole, desig-
nated the COST No. B-2 well, was drilled on the outer
part of the AOCS about 146 km east of Atlantic City,
NJ.

Much basic lithologic and stratigraphic data,
mostly derived from industry reports, has been
released (Smith and others, 1976), and this study and
other USGS studies on the well samples and on
related geophysical data have been summarized
(Scholle, 1977).

The well was drilled on the eastern flank of the
Baltimore Canyon Trough to a total depth of 4,810 m.
E. C. Rhodehamel and P. A. Scholle stated that it
penetrated a section composed almost entirely of
sand and shale and subordinate amounts of lime-
stone, coal, and lignite. Biostratigraphic studies by
C. W. Poag, P. C. Valentine, R. A. Scott, and E. 1.
Robbins showed that the uppermost 1,500 m is of
Tertiary and Quaternary age and was deposited in
nonmarine to deep marine environments. The Upper
Cretaceous section is about 900 m thick and is of
dominantly shallow marine origin. The basal 2,400
m of sediment was tentatively determined to be
entirely of Early Cretaceous age, the basal sediments
being dated as Berriasian. This Lower Cretaceous
section is primarily nonmarine to very shallow
marine in origin.

Examination of cores, well cuttings; and electric
logs shows that thick potential reservoir sands are
found through much of the section. However, poros-
ity and permeability decrease strikingly in the deeper
parts of the Lower Cretaceous section as a result of
compaction and cementation. Most of the sands are
quite feldspathic, and progressive decomposition of
feldspar stimulates the formation of authigenic clay
and silica.

E. I. Robbins, G. E. Claypool, C. M. Lubeck, J. P.
Baysinger, and T. G. Ging reported that studies of
color alteration of visible organic matter, organic
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geochemistry, and vitrinite reflectance show that,
although many units have high organic-carbon
contents, moderately low geothermal gradients may
have retarded thermal maturation. This hypothesis,
in conjunction with the scarcity of marine-derived
organic matter in the lower part of the section,
suggests a relatively low potential for the generation
of liquid hydrocarbons. However, the overall combi-
nation of source beds, reservoirs, seals, structures,
and thermal gradients may be favorable for the
generation and entrapment of natural gas. Geophysi-
cal studies conducted by D. J. Taylor, R. E. Mattick,
and K. C. Bayer showed the presence of reservoir
rocks, seals, and trapping structures with a signifi-
cant potential for entrapment of either natural gas or
petroleum that was generated deeper in the basin and
then migrated either laterally or vertically. In addi-
tion, “bright-spot” studies suggest the possibility of
at least one substantial gas accumulation.

An earlier estimate (before drilling of the COST No.
B-2 well) of an 85-percent marginal probability of
finding hydrocarbons in commercially recoverable
quantities remained substantially unchanged. Mat-
tick, Scholle, O. W. Girard, Jr., J. A. Grow, and J. S.
Schlee interpreted common-depth-point reflection
records to show a Lower Cretaceous shelf-edge carbo-
nate complex beneath the slope. Reef, back-reef, and
fore-reef facies beneath the slope are considered to be
potential reservoirs; possible analogs are the carbo-
nate reef trends of the El Abra and Tamaulipas
Formations of Mexico and the Edwards Limestone of
Texas. However, there are radical differences
between the hydrocarbon production of the Mexican
Unit and that of the Texas unit owing largely to the
degree of exposure to subaerial diagenesis. These dif-
ferences pose problems in the prediction of the
reservoir properties of equivalent Atlantic margin
reefs because their diagenetic history is largely
unknown.

Environmental conditions of the Mid-Atlantic Continental Shelf

Studies conducted off the Middle Atlantic States by
H. J. Knebel, D. W. Folger, Bradford Butman, M. H.
Bothner, and W. P. Dillon included long-term obser-
vations of sediment movement made by deploying
tripod systems. Bottom-current and time-lapse
camera observations show that vigorous bottom-
water flow (40-50 cm/s) at depths greater than 60 m
is caused largely by the passage of strong winter
storms during which sand ripples form rapidly and
‘marked changes are noted in bottom turbidity. Wave-
generated currents are especially importantin deter-
mining initial sediment motion. Mean currents dur-
ing storms are primarily parallel to the coast and
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may transport suspended matter as much as 30 km
along the shore. Flow to both the northeast and the
southwest was observed during winter storms.

During the summer months, internal waves, which
may be important in the transport of suspended
bottom material, are present. The internal waves
generally occur in distinct packets of 2 to 10 waves;
these packets have periods on the order of 15 minutes,
which appear to correlate with the semidiurnal tide.

Studies of high-resolution seismic-reflection pro-
files and sediment samples show that the surficial
sand sheet at the sea floor is of Holocene age and
ranges in thickness from 0 to 20 m; the ancestral
Delaware River valley trends southeastward from
the mouth of Delaware Bay to the head of Wilming-
ton Canyon; and shallow faults with a throw of about
1.5 m offset sediments to within 7 m of the sea floor
near the edge of the continental shelf off New Jersey.

Studies of the natural variability of hydrocarbons
in sediments of the Mid-Atlantic Continental Shelf
were conducted by R. E. Miller and D. M. Schultz in
conjunction with environmental assessment studies
made by the Bureau of Land Management. In 150
surface-sediment samples, the aliphatic (straight
chain) hydrocarbons occur in very low concentra-
tions, generally less than 5 mg/g of sediment. The
aliphatics are dominated by two major components:
(1) A “triplet” in the n-C,, to n-C,, region, and (2) the
long-chain odd-carbon wax ester hydrocarbons in
n-Cys, n-Cy;, n-Cyy, and n-C;;. Only a trace of aromat-
ics was detected in a few of the sediments. The odd-to-
even ratio of the normal alkanes and the “triplet”
and long-chain odd-carbon wax ester hydrocarbons
suggest that these aromatics occur naturally and are
not caused by man’s activities. Miller and Schultz
also analyzed samples from stratigraphic cores
collected onboard the GLOMAR CONCEPTION.
They found methane concentrations ranging from
less than 100 ppm to more than 400x103 ppm. In sev-
eral coreholes, significant amounts of ethane and
propane were detected (Hathaway and others, 1976).
The highest concentrations of methane, ethane, and
propane were found in sediments of Pleistocene age
from the upper continental slope. Hole 6021-C, 139
km east of Atlantic City, N.J., was drilled in about
300 m of water. Cores contained concentrations of
methane in excess of 290x103 ppm over a 200-m-
sediment section and concentrations of ethane that
increased relative to concentrations of methane with
increasing core depth. Leakage of light hydro-
carbons from deeper sediments may, in part, account
for this relationship. The high gas content may cause
instability in the upper continental slope sediments
and thereby lead to unstable foundation conditions
for offshore platform structures.
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Interstitial water studies made aboard the
GLOMAR CONCEPTION by F. T. Manheim, F. A.
Kohout, M. H. Bothner, and Robert Schoen indicated
that a lens of relatively fresh water (salinities less
than 3 ppt) extends beneath the continental shelf as
much as 111 km seaward from the New Jersey coast.
Water of about 1 ppt salinity was found beneath the
shelf more than'13 km off Ocean City, Md., and
Barnegat Inlet, N.J. (Hathaway and others, 1976).

Accuracy of bathymetric chart comparisons—a case study

Bathymetric charts of the same location made on
different dates have often been compared to yield
measurements of the net erosion and accretion of the
sea floor. These measurements have been used for a
variety of purposes, including coastal sediment
budget studies and design criteria for pipelines and
offshore structures. The reliability of the derived
measures, however, has more often than not been
ignored. A case study was undertaken by A. H.
Sallenger to describe useful techniques whereby the
accuracy of a given comparison can be ascertained.

A comparison of charts (smooth sheets) from
surveys made in 1852 and 1933 off the eastern shore
of Virginia indicated that the ridge and swale topo-
graphy (a common morphological component of the
central east coast inner shelf) had become better de-
veloped between the two dates. Theridges had grown
in height, and the swales had been more deeply
eroded. This response of theridges and swales agrees
with one of the dominant hypotheses on the dynam-
ics of these features—that helical cells confined
between ridges scour the swales and deposit sedi-
ment on the ridges. Before theindicated changes and
the evident correlation can be accepted, however, the
accuracy of the comparison must be considered.

The vertical and horizontal precision of soundings
can be determined by analyzing the vertical differ-
ences indicated at sounding-line crossings. A confi-
dence interval on horizontal and vertical precision
can be determined by measuring the differences at
each line crossing and computing the standard
deviation for each chart. Horizontal errors caused by
distortion of the charts should be determined.

The interpolation error can be obtained by analyz-
ing compared depth profiles. The depth differences
are obtained where soundings occur at the same or
approximately the same horizontal location on each
profile. The probable amount of real change is the
quantity by which the derived vertical errors are
exceeded. The depth differences at points where
interpolations are necessary are then measured. The
interpolation error amounts to that part of the depth
difference that exceeds the vertical errors plus the
local real change.
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The application of these techniques to the compari-
son of the ridge and swale topography shown on the
Virginia charts results in an error of +1.9 m at the 95-
percent level owing to horizontal and vertical preci-
sion. There was no measurable distortion error. At
points where the soundings of one chart overlay the
soundings of the other, the depth differences (in the
region of ridge and swale) are less than this error. In
view of these results, the indicated changes over the
ridge and swale topography cannot be considered
accurate.

Shallow structure of the South Atlantic Continental Shelf

High-resolution reflection records reveal a number
of regionally correlatable erosional unconformities
within Cenozoic sediments of the South Atlantic
Continental Shelf. The identity of those unconformi-
ties has been established in wells tied into the seismic
net. Faulting and slumping revealed on the reflection
lines are not on a scale that appears to constitute a
hazard to drilling for oil and gas.

Preliminary analysis of the core data indicates
that the upper 5 m or so of sandy shelf sediment is
Holocene in age and overlies a patchy crust capping
finer grained sediments.

W. P. Dillon (USGS) and D. W. Edsall (U.S. Naval
Academy) reported that 19 northwest-southeast
traverses were made with a minisparker across the
continental shelf, the Florida-Hatteras Slope, and
the western part of the Blake Plateau between lati-
tude 30° and 34° N. Two northeast southwest
traverses were run as tielines, one across the shelf
just west of the shelf break and the other across the
Blake Plateau near the southeastern end of each
traverse. The acoustic-stratigraphic sequences
observed on the minisparker records were dated by
extrapolation of ages assigned to various vibracore
and piston-core samples and to cores from two holes
(6002 and 6004) drilled for the USGS by the
GLOMAR CONCEPTION (Hathaway and others,
1976). The continental shelf and slope formed by
upbuilding and outbuilding on a sequence of Upper
Cretaceous and Paleocene sediments. Sediments of
Eocene and Oligocene age generally are absent.
Miocene, Pliocene, and Pleistocene sediments are re-
stricted to the shelf and slope south of 32°30’ N. To
the north, they are also present on the Blake Plateau.
The records clearly show the formation of the shelf
and slope in a stable area, where dynamic equili-
brium has been reached between sediment supply
and the erosional activities of the Guif Stream and its
predecessors. North of 32°30’' N., depth decreases
noticeably to the top of the Paleocene sequence. The
decrease in depth coincides with an abrupt change in
the strike of erosional channels cut into the Paleo-
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cene sequence. The channels are filled with Miocene
sediments, which are overlain by Pliocene, Pleisto-
cene, and Holocene sediments. The Upper Cretaceous
and Paleocene sediments apparently were deformed
to a platform that was shallow enough to deflect
currents, so that sediments of Miocene, Pliocene, and
Pleistocene age could accumulate on the plateau
north of 32°30’ N.

GULF COAST AND CARIBBEAN SEA

Gulf of Mexico Continental Slope—a petroleum frontier

The continental slope of the northern Gulf of
Mexico is the seaward face of the petroleum-rich gulf
coast basin and includes all of the steeply sloping sea
floor from the shelf edge (200 m) to the abyssal plain
(3,200 m). The structural grain and hummocky topo-
graphy of the slope are controlled primarily by salt
tectonics, and almost the entire provinceis underlain
by gigantic salt stocks and pillowlike swells. Basinal
areas between salt domes commonly contain as
much as 3.5 km of sediments, most of which are
muddy slump deposits with infrequent turbidite sand
zones. Despite the apparently low incidence of turbi-
dite sands encountered in exploratory drilling on the
upper slope, R. G. Martin suggested that sands of
reservoir quality could conceivably be present in
intraslope basins, especially in Pleistocene strata
that accumulated when shorelines and sediment
sources were close to the present shelf edge. Prospects
in the upper slope province include strata of Pliocene
and Pleistocene age in the area seaward of the
Mississippi Delta and mainly Pleistocene age else-
where. Potential reservoirs are expected in regressive
wedges of neritic sand and in turbidite accumula-
tions and localized along zones of shelf-edge growth
faults and on the flanks of salt structures.

Future production of hydrocarbons from the Gulf
of Mexico Upper Continental Slope appears likely.
The greatly increased cost of operating in deep water
beyond the shelf is doubtlessly an inhibiting factor,
but recent discoveries of major hydrocarbon accumu-
lations in the upper slope off the Mississippi Delta
suggest the budding of a petroleum frontier in the
Gulf of Mexico.

Common-depth-point seismic survey in Gulf of Mexico

The Geophysics Laboratory of the University of
Texas Marine-Science Institute at Galveston con-
ducted a 8,154-km muitichannel seismic survey in the
Gulf of Mexico. The survey was partly supported by a
research grant from the USGS. Twelvefold common-
depth-point data were collected along twin parallel
tracks from the Florida platform in the eastern Guif
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of Mexico to the Mexican shelf near Tampico, and
from the Texas shelf to the Banco de Campeche off
the Yucatan Peninsula. Additionally, a pair of
twelvefold lines were recorded from the Sigsbee
Knolls to the continental shelf adjacent to the
petroleum-rich State of Tobasco in southern Mexico.
Important tectonic features such as the Sigsbee,
Campeche, and Florida Escarpments, the Campeche
Knolls, and the Mexico Ridges were surveyed along
detailed grids where 24-channel data were recorded.
The data are being studied by university, company,
and USGS scientists. R. G. Martin reported that
general results of the studies so far include the
finding of additional salt diapirs north of the
Campeche Escarpment, which indicate that the
Sigsbee Knolls salt province extends more than 60
km eastward of its previously interpreted limits. A
deep reflection event marks the top of Jurassic saltin
the Sigsbee Knolls region, and the event can be
traced to the edges of the deep gulf basin, whereit is
lost beneath thick continental slope deposits beyond
the limits of seismic penetration. Seismic-strati-
graphic and velocity evidence show that strata of
Cretaceous age and older lie relatively undeformed
beneath the Mexican fold zone, the suggestion being
that the Mexican Ridges formed in response to
downslope movement and plastic deformation of
shales of probable early Tertiary age.

Studies of bottom stability in the northern Guilf of Mexico

L. E. Garrison and J. S. Booth compiled a
preliminary map of potential geologic hazards onthe
upper continental slope of the northern Gulf of
Mexico by using more than 17,700 km of high-

resolution sparker records. The map reveals wide-

spread areas of shelf-edge slumping, shallow
faulting, shallow gas-charged zones, and mud flows
just at or below the shelf break throughout the region.
More detailed seismic surveys were then made of 15
of the apparently unstable areas, and piston cores
were taken at selected sites within these areas.
Sedimentological and geotechnical analyses of the
cores and surface geologic maps of the areas
investigated indicate that most of the features
studied are relicts from former low sea levels.
Sediment carried across the exposed shelf by
Pleistocene rivers accumulated rapidly in the
shallow waters as deltaic deposits on the present
upper slope. Slumps and slides were common when
the growing sediment slopes became oversteepened.
Since the Holocene rise of sea level, most of the river-
transported sediment has been trapped in coastal
bays and lagoons or on the shallow inner shelf, and
depositional rates on the upper slope have been great-
ly diminished. Some upper slope areas still contain
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unstable sediments, however, especially where the
Mississippi Delta extends across the shelf and pours
sediment onto the upper slope. Mud flows, slumps,
shallow faults, and gas-charged zones may be found
in these areas. Gas from leaking reservoirs may
charge the shallow sediments in other slope areas
and prove hazardous to drilling or boring operations.
In areas of rugged topography, sediment on the
flanks of diapiric uplifts must be considered
potentially hazardous until more information
becomes available.

Bottom-motion response to wave pressures

Field measurements of bottom oscillations and
wave characteristics were made by J. N. Suhaydain
a study of the interaction of fine-grained sediments
and surface waves. The results of the experiments
indicate that bottom motions under wave action
show well-defined periodic features. Bottom oscilla-
tions on the order of 2.5 cm in amplitude occurred for
seas having a significant wave height of about 1 m
and a period of 5 seconds. The bottom appears to
undergo an elastic wave response to changing bot-
tom pressure and is depressed under a surface wave
crest. Comparisons of wave-height measurements
indicate that bottom pressures are not predicted by
linear theory for arigid bottom. Pressures were larger
than predicted by up to 35 percent in many cases.
Under the range of bottom pressures measured,
bottom displacement varied linearly with bottom
pressure. The wave energy lost to the bottom was
found to be an order of magnitude greater than the
energy lost to bottom friction.

Thus, it appears that direct measurement of the
sea-floor oscillations accompanying storm-wave con-
ditions is feasible with present techniques and can
provide useful information to define the characteris-
tics of bottom motion. These results suggest that
cyclic testing for softening of soils based upon sev-
eral cycles of forcing (2-10), separated in time by
quiet intervals of 10 to 20 wave periods, may be more
representative of the natural situation than tests of
equal-amplitude waves run over 10 to 100 cycles.
Further, design-wave heights in muddy regions
actually may be reduced inshore of shelf areas
having soft clay areas.

Environmental studies on the south Texas shelf

Marine geologic investigations of the south Texas
Outer Continental Shelf were carried out by H. L.
Berryhill, Jr., C. W. Holmes, G. L. Shideler, and Gary
Hill. Shideler found that turbidity through the water
column is highly seasonal and is greatest in the
spring. Patterns of turbidity suggest two regimes of
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water movement over the shelf. On the inner shelf,
suspended sediments are carried generally south-
ward and are spread in fanlike fashion over the entire
southern part of the shelf from the northwest; on the
outer shelf, however, clear, deep gulf water, almost
free of suspended sediments, loops or spreads over
the northeastern part of the shelf. The Pb%1° dating
done by Holmes on the undisturbed upper few cen-
timeters of sediments in cores indicated local rates of
deposition of as much as 5 mm/yr for midshelf areas.
A synthesis of the investigations indicates that two
well-defined regimes for the south Texas shelf will be
pertinent in assessing the impact of petroleum devel-
opment. The inner shelf is characterized by (1) high
continental runoff in the spring, including encroach-
ment of Mississippi River water; (2) high nutrient lev-
els; (3) high biological activity for most types of
organisms; and (4) increases in the contents of some
trace metals related to the runoff and the biological
activity. The outer shelf is characterized by (1) a
looping or spreading of deeper gulf water in all
seasons; (2) increased nutrients in the water but
generally low biological activity for all organisms
except microzooplankton; (3) downfaulting of the
continental terrace with possible escape of natural
gas along the faults; and (4) localized slumping of
surficial sediments along the shelf edge.

Suspended sediments of Corpus Christi Bay in Texas

Suspended sediments of the Corpus Christi Bay
estuary of Texas were studied during a flood tide in
the months of May, June, and August. G. L. Shideler
and Frances Firek reported that quasi-synoptic
water samples and vertical light transmissivity-
temperature profiles were obtained at seven monitor-
ing stations along the axial trend of the bay. The
water-column transmissivity generally indicated an
increasing turbidity gradient with depth at individ-
ual stations; stations near the bay’s tidal inlet
generally exhibited the lowest turbidity and thus
reflect relatively transparent oceanic tidal flood-
water. Gravimetric analyses indicated that the
monthly ranges of sediment concentrations were 6.0
to 164.0 mg/Lin May, 15.2 t0 59.6 mg/L in June, and
0.4 to 41.2 mg/L in August. Vertical temperature
profiles generally indicated isothermal conditions at
each station, which apparently reflect the shallow-
ness of the bay and mixing by local winds. Sediments
are composed primarily of inorganic silt-clay parti-
cles but contain a subordinate phytoplankton frac-
tion dominated by diatoms.

Corals as climatic and environmental indicators in southern Florida
and Dry Tortugas

E. A. Shinn, R. B. Halley, J. H. Hudson, and B. H.
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Lidz reported that X-radiograph analysis of corals
from various modern environments suggests that the
width of bands (which is equal to annual growth rate)
may be a useful indicator of both water depth and
temperature. This information, in addition to being
useful for environmental analyses in modern reefs,
may also help determine water depth and tempera-
tures in Pleistocene coral deposits in southern
Florida (Hudson and others, 1976a, b). Shinn and his
colleagues also discovered by drilling that thereefs at
the Dry Tortugas (Fort Jefferson National Monu-
ment) have never contained Acropora palmata. This
discovery has significant environmental implica-
tions, for it clearly indicates that the absence of the
coral on the present reef is not due to the activities of
man, such as the construction of Fort Jefferson. The
absence of A. palmata, thought to be caused by low
winter water temperatures, may explain why this
species is also absent from the Key Largo Limestone
(Pleistocene). In the past, this absence was thought to
indicate that Key Largo was a patch reef.

Puerto Rican offshore sand resources

Preliminary investigation of Puerto Rico’s major
offshore potential sand deposits suggests that
extracting sand from at least some of them would not
significantly affect the island’s severely eroded
coastline. Novel sand-movement maps for two of the
sand areas, made by Jose Muniz and Nelson
Espinell, used the technique of algebraic addition of
contoured soundings used on two bathymetric
surveys made 60 years apart by the National Ocean
Survey (formerly Coast and Geodetic Survey). The
maps show that the sand in a field of sand waves
seaward of Bahia Sucia is apparently being swept
seaward around the rocky southwestern tip of Puerto
Rico. Stakes have been set in the sand-wave field by
scuba divers to permit precise measurement of sand
movement. Off the northwestern tip of Vieques
Island, the maps show sand accumulation in a
protected shallow-water area well away from land.

PACIFIC COAST

Pre-Neogene sedimentary rocks found on Santa Catalina Isiand

Miocene volcanic and sedimentary rocks on Santa
Catalina Island were reinvestigated by J. G. Vedder
and D. G. Howell to aid interpretation of the geology
along the submergent Santa Cruz-Catalina Ridge.
Work done on the island revealed heretofore unrecog-
nized stratigraphic relations and ages that are criti-
cal in reconstructing regional paleogeography and
tectonism. In the northwestern part of the island
near the isthmus, a sequence of interlayered schist
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breccia lenses, volcaniclastic beds, and pyroxene
andesite flows, flanks, and partly drapes over a large
dacite dome. These rocks, in turn, are overlain by
interbedded diatomaceous shale, lapilli tuff, and
basaltic andesite flows. Fossil mollusks, calcareous
phytoplankton, benthic foraminifers, and diatoms
indicate that the sedimentary sequence accumulated
in a shallow (< 200 m) marine environment during a
short span of provincial middle to late Miocene time.
Unpublished K-Ar dates on the volcanic rocks range
from approximately 12 to 15 million years. At the
southeastern end of the island, a thick zone of
greenschist breccia is pervasively intruded by dacitic
rocks that presumably are offshoots from the approx-
imately 19-million-year-old quartz diorite porphyry
pluton; although these relations were previously
recognized, underlying variegated sandstone and
mudstone beds and an interbedded marine sand-
stone, siltstone, and conglomerate unit have not been
described. These underlying strata resemble ele-
ments in nonmarine Oligocene(?) and marine Upper
Cretaceous formations of the Santa Monica Moun-
tains and eastern Los Angeles basin of California.
The nearest known occurrence of similar rocks is in
surface and subsurface sections in the San Joaquin
Hills nearly 50 km to the northeast. Formerly, it was
believed that pre-lower Miocene sedimentary rocks
were not present anywhere along the Santa Cruz-
Catalina Ridge, and paleogeographic interpretations
reflected this concept. The new findings require
substantial revision of previous tectonic reconstruc-
tions.

Investigation of bottom boundary layers and sediment transporton
continental shelves

A self-contained tripod-mounted instrument pack-
age for studying the bottom boundary layer and
sediment-transport processes on the continental
margin was developed and field tested by D. A.
Cacchione and D. E. Drake. The system consists of
five current-velocity sensors mounted in a vertical
array within 2 m of the sea floor; a quartz crystal
pressure transducer; four thermistors; a light trans-
mission and scattering sensor; a 35-mm-camera
system capable of taking 800 pictures; and an acous-
tic release system for tripod recovery. The tripod has
been designed to operate unattended for aslong as 3
months at depths up to 300 m. Rates and intervals of
sensor sampling can be programmed to provide

_statistically reliable evaluations of the flow field
induced by high-frequency surface waves and lower
frequency forcing mechanisms.

Initial field tests were successfully completed off
San Diego, Calif. and Nome, Alaska. Preliminary
current and temperature data from the San Diego
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experiment (Cacchione and others, 1976) show that
the internal barotropic and baroclinic tides propa-
gate past the experimental site as surgelike periodic
features characterized by intense horizontal thermal
gradients. These tides are followed by a cluster of
relatively large amplitude (1 to 3 m), higher fre-
quency internal waves.

Underwater television monitoring of the sea floor
in the vicinity of a transmissiometer and pressure
and temperature sensors indicated a strong correla-
tion between surface waves and bedload transport.
Decreases in near-bottom visibility, as measured by
the underwater television and the transmissometer,
were related to the passage of the internal surge.
Specifically, low light transmission was strongly
correlated with temperature increases caused by
passage ©f the internal wave trough near the sea
floor.

Shallow structures of the Oregon-Washington shelf

High-resolution profiles obtained on the Oregon
and Washington Outer Continental Shelf during the
cruise of the SP Lee provide significant new in-
formation on the shallow structures of the shelf. P.
D. Snavely, Jr., reported that numerous north-
trending normal faults offset all but the recent sea-
floor sediments on the inner shelf off central Oregon.
These faults probably correlate with a set of north-
trending faults mapped along the coast by Snavely
and others (1976). Onland, these faults offset strata
of middle Miocene age but do not cut the marine
terrace deposits. On the Washington inner shelf off
Grays Harbor, a trap-door-type fault offsets the sea
floor and has a throw of about 20 m. Recent faults
also are associated with several of the large shale
diapirs traversed during the cruise. One diapir,
acting as a piston, lifted the sea-floor sediments some
10 to 20 m above its roof. Broad marginal synclines
are often associated with the shale diapirs, but strata
turn up rapidly along the flanks of the diapirs.
Numerous growth faults are found on the flanks of
the shale diapirs. A line across a broad anticline
located on the outer shelf off the central Oregon coast
contains a horizontal reflector that cut across the
gently folded strata. This reflector may be a gas
phase, or clathrates, trapped near the crest of this
anticline.

Deep-sea Navy Fan of southern California

W. R. Normark and G. R. Hess used a deeply towed
geophysical instrument package to survey the deep-
sea Navy Fan in the San Clemente Basin of southern
California. The study revealed a radial pattern of
shallow distributary channels formed at the termi-
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nus of the prominent leveed fan valley of the upper
fan. Scours, resembling flute marks but measuring 10
to hundreds of meters across, have formed in sandy
sediments on the middle fan. Bottom photographs
reveal a fairly uniform sediment cover over the entire
fan, but the acoustic reflectivity of the surficial
sediments and sediment distribution data from cores
show that surface sand is more common in southern
distributaries than it is in northern ones, the
suggestion being that the locus of deposition has
shifted.

Depositional environment of an upper Miocene sand in Santa Cruz
Mountains of California

Extensive channeling, thick sets of crossbedded
sand and gravel, undirectional current structure, and
marine fossils characterize the tidal-current-
dominated Santa Margarita Sandstone (upper Mio-
cene) in the Santa Cruz Mountains of California,
according to Larry Phillips. The preserved channel
may be as wide as 2km and may contain an erosional
base with thick lag deposits of shells or gravel. Large-
scale (to 8 m) crossbedded sand and gravel may fill
the channels as unidirectional crossbedded sets.
Migration of the channel with lateral accretion of the
channel wall or migration of tidal-current ridges
account for much of the depositional sequences of the
channel-fill sediments. Extensive bioturbation and
the presence of marine vertebrates and echinoids
indicate a marine origin for the crossbedded sands. A
west-to-southwest current direction dominates much
of the depositional structures. Current reversals with
east-to-northeast directions occur locally on channel
lag gravels or on the southern side of topographic
ridges. A depositional environment dominated by
shallow marine, high-energy tidal currents charac-
terizes much of the history of the Santa Margarita
Sandstone. Displacement back along the San
Andreas fault further suggests that the Santa Mar-
garita represents a seaway connection between the
Pacific Ocean and the late Miocene sea that occupied
the present San Joaquin Valley.

Distinguishing sorting and source effects in beach-sand mineralogy

Using elemental analyses of titanium and
chromium in magnetite from beaches rich in black
sands appears to be a statistically valid means of
distinguishing between sorting and source effects on
the southwestern Oregon coast. Gretchen Luepke
found that the ratio of titanium to chromium in the
magnetic fraction of a sample is for the most part
independent of the relative location of the sample
along a beach and also is independent of the percent-
age of heavy minerals or magnetite within the sam-
ple.
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Hydrocarbons in sediments of Willapa Bay, Washington

Willapa Bay is an estuary on the relatively unpopu-
lated and unindustrialized southwestern coast of
Washington. K. A. Kvenvolden, J. B.Rapp,and H.E.
Clifton have been studying hydrocarbons in the silty
muds of this bay as a measure of man’s impact on
this generally pristine region. .

Complex mixtures of hydrocarbons, attributed to
petroleum-derived products, are concentrated in sedi-
ments near Raymond on the Willapa River and
probably come from surface runoff and sewage
effluent. The complex mixture is less evident on the
northern side of the bay near the mouth of the river
and is barely detectable in sediments from the south-
ern portions of the bay. The data define a baseline for
evaluating the impacts of possible future petroleum-
related development affecting this part of the
coastline.

Tidal point bar sequences in Willapa Bay, Washington

Tidal point bars are an important depositional
component in an estuary. Studies conducted by H. E.
Clifton and others showed that the sedimentary
facies ir: tidal point bars are characterized by distinc-
tive vertical sequences and consistent lateral trends.
Grain texture strongly controls the character of
physical and biological structures. In the subtidal en-
vironment, grain size decreases both laterally
upslope and longitudinally upriver. In the intertidal
environments, grain size depends dominantly on the
amount of expended wave energy. A complete verti-
cal sequence shows, in upward progression, channel-
bottom deposits (characterized by intense bioturba-
tion and the development of lag deposits);
accretionary bank deposits (generally well bedded);
tidal creek deposits (finely laminated cross-stratified
mud); tide flat deposits (intensely bioturbated or, if
bound by algae, broadly and horizontally stratified);
and supratidal flats (finely,more or less evenly lami-
nated muds containing abundant rootlets). The
nature of the vertical sequence changes systemati-
cally as a function of grain-size differences. Numer-
ous examples of tidal point bar sequences in the
Pleistocene terrace deposits bordering Willapa Bay
validate this general sedimentary model.

ALASKAN-ARCTIC INVESTIGATIONS

Slope instability related to tectonics in western Gulf of Alaska

Lower Cook Inlet in Alaska hashightidal currents
that average 6 to 7 km/s and normally reach a peak
of 11 to 15 km/s. The bottom has an average depth of
about 60 to 70 m in the central part of the inlet at the
latitude of Homer and deepens toward the south. Sev-
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eral types of bedforms, such as sand waves, dunes,
ripples, sand ribbons, and lag deposits, form a
microtopography on the otherwise smooth sea floor.
Each bedform type covers a small field normally a
few hundred to a few thousand meters wide and
usually several kilometers long parallel to the tidal-
flow direction. High-resolution seismic systems, side-
scan sonar, and bottom television were used by A. H.
Bouma and M. A. Hampton to detect locations and to
study some of the characteristics of these bedforms.
They observed large sand waves with wavelengths in
places over 300 m and wave heights upto 10 m. Fields
of ebb- or flood-oriented asymmetric bedforms often
grade into more symmetrical shapes. Several orders
of smaller sand waves and dunes cover the flanks of
the very large bedforms. Normally, the crest direc-
tions of both size groups are parallel, but deviations
up to 90° have been observed. Local deviations may
occur where smaller forms approach the crests of the
larger sand waves.

Bottom-television observations revealed active
bedload transport in a northerly direction on the
crests and midflanks of southerly asymmetric large
sand waves. In their troughs, no transport could be
observed. Movement of bedload occurs by small
ripples.

Although the asymmetry of the large bedforms
suggests that migration has taken placeintheebbor
flood directions, the very low surface angles (2.5° to
8°) of these bedforms do not indicate regular move-
ments. It is probable that the large bedforms are
relict features or migrate only under severe condi-
tions, whereas active sand transport by ripples and
smaller sand waves and dunes moves bedload back
and forth with the tides. An understanding of such
movements is essential for determining design crite-
ria for offshore installations and for benthic faunal
studies.

The uppermost continental slope in the western
Gulf of Alaska, from southern Albatross Bank to
Portlock Bank, includes two broad areas where large
rotational slumps occur and one intervening area
where they are absent. The large slumps involve
sediment a few hundred meters thick. The areas
where large slumps are present show evidence for
active near-surface folding and consequent steepen-
ing of slopes, which apparently is the ultimate
control on slumping. No evidence for similar active
steepening was found in the area containing nolarge
rotational slumps, where slope gradients are rela-
tively gentle.

Thin debris slides, which differ fundamentally
from the larger rotational slumps and involve sedi-
ment only a few tens of meters thick, occurin all three
areas on slopes that are not necessarily actively
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steepening. These slides probably are stratigraph-
ically controlled, the failure occurring along a weak
subsurface stratum.

Strong earthquakes and the related accelerations
probably are responsible for the actual triggering of
many of the large and small slumps. As long as the
tectonic setting remains as it is today, future large-
scale rotational slumping should remain confined to
the two broad areas in which it presently exists.
However, the shallow debris slides might occur in
any of the three areas.

Structural features of the Bering Sea Outer Continental Shelf

Over 5,000 km of geophysical data including multi-
channel seismicreflection profiles were collected in
the Bering Sea. M. S. Marlow, A. K. Cooper, D. W.
Scholl and K. A. Bailey reported that these data
revealed the existence of a new subshelf basin called
the Amak Basin near the Alaska Peninsula. This
elongate graben is alined with the St. George and
Sanak Basins and is filled with more than 5 km of
sedimentary layers. In nearby Bristol Bay basin, a
number of large slump structures that cut the basin
fill were discovered. These structures may be envi-
ronmental hazards to future exploratory drilling,
especially close to the Alaska Peninsula. Anticlinally
deformed Mesozoic rocks exposed on the Alaska
Peninsula can be traced offshore beneath the shelf
over 200 km west of the peninsula.

A geophysical line near Siberia over the Navarin
Basin revealed large folded and truncated beds
within the basin fill. Numerous high-amplitude
reflectors and associated velocity “pulldowns” were
also detected and may be indicative of hydrocarbon
accumulations. Sediment thickness in the basin
exceeds 15,000 m.

Mantle refractions from airgun seismic data

A preliminary interpretation by A. K. Cooper and
J. R. Childs of sonobuoy refraction measurements
made in the Aleutian Basin in the Bering Sea showed
that it is possible to record refraction arrivals from
the crust-mantle boundary by using a rapidly fired
(18 second) sound source consisting of a tuned array
of variable-power airguns (total power of 21,750 cm3).
Mantle-refraction arrivals were observed on several
sonobuoy records collected exclusively from deep
(13,800 m) water areas underlain by thick accumula-
tions of flat-lying sedimentary rock (3-5 km thick).
Previous attempts at recording mantle-refraction
arrivals in the Aleutian Basin (Ludwig and others,
1971) have been accomplished only by using two-ship
dynamite-shooting techniques. The ability to record
deep-earth refraction arrivals (from 15-km depths) by
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using rapid-fire airguns offers a faster and more
economical method for obtaining information on
deep crustal structure in deep-water geologic envi-
ronments.

Littoral drift directions along the Bering Sea coast

The pattern of littoral drift along the Bering Sea
coast from Bering Strait to the tip of the Alaska
Peninsula was interpreted from geomorphic evidence
by R. E. Hunter, A. H. Sallenger, Jr., and W. R. Dupre.
The kinds of features used as evidence included (1)
bays of hooked planform, (2) shoreline offsets at
headlands, (3) spits, (4) patterns of beach ridges, (5)
barrier islands of tapering planform, (6) deflected
stream mouths and tidal inlets, (7) shoreline offsets
at stream mouths and tidal inlets, and (8) nearshore
bars oriented obliquely to shore. Convergence points
of the littoral drift system tend to occur within
embayments, and divergence points tend to occur at
headlands. The drift directions, dominantly to the
north and the east, can be explained by waves
approaching from the southwest, and local
deviations from this pattern can be explained by
refraction of the main wave trains as they approach
shore.

Complex topography on a shelf in northwestern Alaska

C. H. Nelson, D. A. Cacchione, M. E. Field, D. E.
Drake and Tor Nilsen found that linear sand shoals
15 to 30 km long, 3 to 7 km wide, and 5 to 15 km high
occur near the Bering Straits in Alaska. These sand
bodies are all constructional, but they apparently
represent an interplay of sedimentary processes
related to past transgressive shoreline history and
present strong, northward-flowing currents. Ridge
crests coincide with depths of ancient submerged
beaches elsewhere in the northern Bering Sea.
However, sand waves and current and oscillation
ripples demonstrate active modification by the pres-
ent current regime. Other sand bodies as much as 50
km long, 10 km wide, and 10 to 20 m high appear to
have been caused by secondary (leeward side) circu-
lation systems induced by the presence of King
Island and the promontory of Cape Prince of Wales.

Current measurements and observations of the
shoal crests made by underwater television demon-
strate active bedload movement in oscillation sand
ripples; current speeds measure 20 to 30 cm/s. Water
samples taken 2 m above the shoal contain abundant
terrigenous coarse silt and locally very fine sand.
Asymmetrical sand waves (height about 2 m, wave-
length about 15 m) superimposed on the linear shoals
are generally alined normal to the mean (northward)
bottom currents, but these bedforms are probably
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active only during periods of intensified flow caused
by storms."

The studies suggest that these large linear sand
ridges have been generated by three major processes:
(1) Deposition from interrupted current flow leeward
of islands and peninsulas; (2) initial formation as
spits at shoreline stillstands during transgressions;
and (3) accumulation mainly as modern sand-wave
fields modifying ancient constructional features.

Beaufort Sea nearshore studies

Satellite imagery, together with a variety of ice and
seabed data, including side-scan sonar, high-
resolution seismic-reflection data, and precisely con-
trolled bathymetric surveys, was used by Erk Reim-
nitz, L. J. Toimil, and P. W. Barnes to study the
zonation of sea ice in relation to shelf dynamics,
bottom morphology, and geologic processes on the
Beaufort Sea Continental Shelf.

During the early winter, the location of the boun-
dary between undeformed fast ice and the westward
drifting polar pack ice is controlled by major coastal
promontories. Pronounced linear pressure and shear
ridges, as well as hummock fields, form along the
boundary and are stabilized by grounding, generally
between the 10- to 20-m isobaths. Slippage along this
boundary occurs intermittently at or seaward of the
grounded ridges and forms new grounded-ridge
systems in a widening zone—the stamukhi zone—
which by later winter may extend out to the 40-m
isobath. The stamukhi zone protects the inner shelf
and coast from pack-ice forces.

There is a causal relationship between the spatial
distribution of major ice-ridge systems and the
offshore shoals downdrift of major coastal promonto-
ries. Ice has forced the shoals to migrate shoreward
over distances of up to 400 m in the last 25 years. The
sea floor seaward of such shoals, within the sta-
mukhi zone, shows a high density of ice gouges, a
great depth of incision, and a high degree of
disruption of internal sedimentary structures. The
concentration of large-scale ice deformation and
intense sea-floor disruption in the stamukhi zone
indicates that a considerable amount ofthe available
marine energy is expended here during winter. The
inner shelf and coast, where the relatively unde-
formed fast ice grows, are sheltered.

Properly placed artificial structures similar to
offshore shoals should be able to withstand the forces
of the ice, should serve to modify the observed ice
zonation, and might be used to make the inner-shelf
environment less hostile to man’s endeavors.

"~ Studies conducted near Prudhoe Bay by Barnes,
Reimnitz, and G. L. Smith suggested a coastal
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erosion rate of 1 to 2 m/yr. The entrance channel to
the bay also has apparently migrated shoreward ata
similar rate, at least since 1950, and possibly experi-
ences seasonal erosion and infilling; the erosion is
due to flow restrictions accompanying the growth of
the ice cover, and the infilling is the result of
dominant northeasterly summer winds. The onshore
movement of a nearby barrier island is additional
evidence for the relatively rapid retreat of coastal and
nearshore morphologic features along this section of
the Alaskan arctic coast.

OCEANIC STUDIES

Nodule and sediment distribution and chemistry in North Pacific
Ocean

J. L. Bischoff and D. Z. Piper reported that sedi-
ment and nodules from the North Pacific Ocean were
collected by box coring in an area of about 25 km?2 at
Site C as part of continuing USGS participation in
NOAA'’s Deep Ocean Mining Environmental Study
(DOMES). The area is located at lat 15°01’ N, long
126°00" W. Cores collected in this past year’s study
were more closely spaced than those collected
previously from the three DOMES sites. The sam-
ples, together with stereo bottom photographs from
the same area, were used to estimate nodule abun-
dance. Nodules are observed on the top of three
abyssal hills more frequently than they are within
channels between the hills. Within these channels,
however, nodules tend to be relatively large, usually
greater than 4 cm in diameter. Owing to their greater
size, nodules within the channels represent a deposit
that is approximately 50 percent larger per unit area
than the deposits on the tops of abyssal hills.

Metalliferous sediment, observed previously in a
single core from this area, was observed within 15 cm
of the surface in five additional cores. All of these
cores are from the western slope of an abyssal hill.
Results of high-resolution seismic studies indicate
that near-surface sediment associated with this
sediment may be as old as Miocene. In 3.5-kHz rec-
ords, the surface sediment appears as a series of
opaque reflectors, which are overlain elsewhere in
this area by a layer of transparent sediment of
possible Pliocene and Pleistocene age.

Nodules recently acquired by the USGS from the
Summa Corporation were collected in the vicinity of
lat 30° N., long 140°-175° W. Analyses of several
nodules showed that the elemental composition of
their interiors differs from that of the outermost
layers. If nodules grow as slowly as radiometric
measurements indicate (1-10 mm/m.y.) and if they
are rafted from one oceanic bottom environment to
another owing to movement of the Pacific plate in
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response to plate tectonics, then these compositional
variations within individual nodules may be related
to movement of the sea floor. For example, these
nodules would have been closer to the equator during
the initial stage of growth, possibly in the area of lat
10°-15° N. Nodules currently forming at this lower
latitude are characterized by relatively high Mn-Fe
ratios and high nickel and copper concentrations.
Experiments on seawater-basalt interaction are
continuing in order to assess the role of heated
seawater in the transport of heavy metals found in
the metalliferous sediments. Recent results indicate
that, when the water-to-rock ratio exceeds 50:1, metal
solubility is significantly enhanced. High metal
solubility is apparently caused by the acidic nature of
heated seawater, which is maintained when not
enough rock is present to act as a neutralizer.

Cyclic deposition off northwest Africa

Some of the results of studies related to Leg 41 of
the Glomar Challenger Deep Sea Drilling Project
(DSDP) were reported by J. V. Gardner and W. E.
Dean, Jr. Cycles of CaCos and clay found in
sediments of Eocene to middle Miocene age of the
Sierra Leone Rise (DSDP Site 366) are interpreted as
resulting from cyclic variations in the dissolution of
CaCQ,, possibly aided by the influx of terrigenous
material. These cycles have periods that range from
7,000 to 21,000 years for chalk-siliceous limestone
cycles of Eocene age to 29,000 to 50,000 years for
chalk-marl cycles of late Eocene to middle Miocene
age. Gardner (1975; Gardner and Hays, 1976) found
that these periods are similar to periods reported for
climatically induced dissolution cyclesin Pleistocene
carbonate sediments in the same area. It is thus
suggested that variations in the Earth’s orbital
movement, believed to be the main driving forces for
climatic change in the Pleistocene, extended back
into at least the Tertiary.

Cyclic interbeds of green and black clay or shale,
red and green clay or shale, and white and black
limestone and marlstone, ranging in age from Late
Jurassic to Eocene in the Cape Verde Basin (DSDP
Site 367), appear to be the result of variations in the
rate of influx of organic material, largely of terrigen-
ous origin. All of these organic-rich organic-poor
cycles have periods on the order of 50,000 years and,
like the carbonate dissolution cycles on the Sierra
Leone Rise, may reflect climatic changesinduced by
variations in the Earth’s orbital geometry.

Barite rosettes and lenses are common in highly
organic Lower Cretaceous sediments at DSDP Sites
369 and 370 along the continental margin of north-
west Africa (Dean and Schreiber, 1976). The barite
occurs immediately below major unconformities and

1
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is associated with marked increases in interstitial
water salinities. The barite is interpreted as having
formed diagenetically under oxidizing or slightly
reducing conditions in sediments exposed at the
sediment-water interface for long periods of time
during pauses in sedimentation. The main source of
barium was oxidation of organic material. Three
possible sources of sulfate include (1) downward
diffusion of overlying seawater sulfate to replace
sulfate consumed by barite formation and (or) sulfate
reduction, (2) oxidation of pyrite, and (3) upward
diffusion of sulfate from solution of Jurassic evapor-
ite deposits underlying both sites.

Pliocene silicoflagellate correlation of Hess Rise and Walvis Ridge

Hess Rise in the Pacific Ocean (DSDP Site 310, lat
37° N.) and Walvis Ridge in the Atlantic Ocean
(DSDP Site 362, lat 19° S.) have rich siliceous and
calcareous phytoplankton assemblages of Pliocene
and Quaternary age. Both sites are near boundaries
between tropical and temperate water masses. J. D.
Bukry reported that 8,000 silicoflagellate specimens
demonstrate distinct similarities in ranges and abun-
dances for the two sites. The disappearance of Meso-
cena circulus and Distephanus boliviensis jimlingii
mark the Pliocene-Pleistocene boundary at both
sites. Dictyocha brevispina disappears in the late
Pliocene, and D. stapedia stapedia evolves through
the Pliocene and becomes a dominant taxon in the
Quaternary. Although silicoflagellate assemblages
typically show strong paleoecologic influences, the
synchroneity of events between sites 310 and 362,
calibrated by the more cosmopolitan calcareous
nannoplankton, indicates that transoceanic correla-
tion by silicoflagellates can be important in similar
paleoecologic settings.

North Atlantic Paleocene silicoflagellates

Deep-sea drilling of the “J-anomaly” ridge at site
DSDP 384 south of the Grand Banks recovered the
first joint calcareous nannoplankton- and
silicoflagellate-bearing sediment of Paleocene age
from the North Atlantic area. This association per-
mits a definite regional correlation and new age
assignment for the noncalcareous “Eocene diatom-
ite” beds at Fur and Mors in Denmark. The silicofla-
gellate guide fossils, Corbisema disymmetrica com-
munis, Dictyocha elongata, and Naviculopsis
danica, reported from Denmark are frequent to
abundant at DSDP 384. J. D. Bukry reported that the
abundant and diverse calcareous nannoplankton
assemblages associated with these fossils at DSDP
384 belong to the upper Paleocene Discoaster mohleri
Zone and D. nobilis Zone. This evidence suggests re-
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cognition of a more extensive Paleocene section in
Denmark.

Geochronology of DSDP basalts from the Ninetyeast Ridge

The Ninetyeast Ridge is a prominent volcanic
lineament in the eastern Indian Ocean whose geo-
morphology suggests that it was formed in a shallow
marine or subaerial environment. This linear feature
rises just south of its intersection with the Broken
Ridge at 33° S. and extends slightly east of north
close to the 90th meridian, a distance of about 4,500
km, before disappearing beneath the sediments of the
Bengal Fan. R. A. Duncan measured ages on basalts
collected by the DSDP at five sites on or near the
Ninetyeast Ridge by means of conventional K-Ar
and °Ar/3°Ar techniques. The basalt ages increase
from about 40 million years in the southern sites to
about 85 million years in the northern sites. This
pattern may be modeled by the northward passage of
the Indian plate away from a stationary source of
volcanism near Kerguelen Island from Late Cretace-
ous to Tertiary time.

Methane hydrate in the sea floor

The evidence for the existence of clathrate hydrate
of methane in sea-floor sediments and the conditions
of its formation were reevaluated by D. J. Milton.
Recently published statements that the bulk of
organic carbon in sea-floor sediments is trapped as
methane hydrate were shown to be based on an
incorrect value for the solubility of methane in water
in equilibrium with hydrate. Nevertheless, geophysi-
cal and deep-sea-drilling results strongly suggest
that hydrate exists in some areas.

Holocene rates of reef growth at Eniwetak Atoll

A drill hole cored to a depth of 23 m near the reef
edge at Eniwetak Atoll in the Marshall Islands, with
nearly complete recovery, provides evidence for rates
of reef growth following the Holocene rise of sea lev-
el, according to J. I. Tracey, Jr. (USGS), and E. R.
Goter (Rensselaer Polytechnic Institute). Hole
PAR-16, drilled by the Department of Defense in
1972, was located about 50 m from the reef crest on a
reef-flat pavement 0.2 m below mean tide level. The
Holocene section overlies a Pleistocene unconformity
at a depth of 8.5 m and consists of a lower construc-
tional coral-algal unit (8.5 to 3.2 m) dominated by in-
situ algal-encrusted massive and branching corals 15
to 30 cm in length and infilled by poorly cemented,
poorly sorted detritus. This unit is overlain (3.2 m to
surface) by a more fragmental or conglomeratic unit
containing smaller corals in place, numerous coral
and algal fragments, foraminifers, and shells well
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cemented by aragonite and magnesium-calcite
marine cements; near the top, the unit is overlain by
algal and coral laminate growth. The following
radiocarbon dates were obtained:

Depth C4 age
(m) (years B.P.)
0.3 2,120+85
18 3,675+95
2.6 6,030+115
3.6 6,705+115
7.9 7,145+115

B. J. Szabo reported uranium-series dates of
7,900+500 years for the coral at 7.9 m and
132,000+4,000 years for a coral 1.2 m below the
unconformity at 8.5 m. These ages are revised from
preliminary dates reported earlier (U.S. Geological
Survey, 1975, p. 164). The radiocarbon dates, which
are not corrected for variations in atmospheric car-
bon or for the presence of younger marine carbonate
cement, show a rapid rate of growth of the early
Holocene reef (from 8.5 to 3.2 m) of about 10 mm/yr,
followed by much slower growth and accumulation
ranging from 0.3 to 1.5 mm/yr and averaging about
0.5 mm/yr. The slower vertical growth marks the
reef-flat or pavement-building stage, which began
about 6,500 years ago when sea level was about 2.5m
lower than it is at present at Eniwetak. The average
rate of vertical growth was about 2 mm/yr and
compares with that inferred from other evidence by
Tracey and Ladd (1974). Therapid growth during ini-
tial stages, 6,000 to 7,000 radiocarbon years ago, is
comparable to rates deduced by Chappell and Polach
(1976) for Huon Peninsula in New Guinea and by
Macintyre and Glynn (1976) for Galeta Point in
Panama.

ESTUARINE AND COASTALHYDROLOGY

GULF COAST

A major waterway construction project which is
planned for approximately 56 km of ship channel in
Florida’s Tampa Bay, includes an 11-km reach in
Hillsborough Bay. Shipping lanes are to be deepened
and widened by means of hydraulic dredging. Open-
water disposal of material will result in the creation
of several large spoil islands, which must be located
in areas where their adverse effects on bay environ-
ment will be minimal. C. R. Goodwin (1977) reported
that a digital, hydrodynamic model was used to
simulate circulation and flushing patterns in Hills-
borough Bay under alternative spoil-island configu-
ration plans. Each plan represents a different config-
uration for the islands to be created from the dredged
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material. Simulated circulation and flushing pat-
terns were evaluated. Model results indicated that
circulation within Hillsborough Bay will be signifi-
cantly increased through proper spoil-island configu-
ration. Improvement of overall flushing characteris-
tics of the bay (interchange between Tampa and
Hillsborough Bays), however, was minimal for the al-
ternative plans tested.

ATLANTIC COAST

F. A. Johnson reported that fresh surface-water
flow in South Carolina’s Intercoastal Waterway is
contributed by only one major tributary, the Wac-
camaw River, which divides at mile 375, where two-
thirds of the river flows southward. The one-third
that flows northward takes about 6 days to reach
Little River Inlet. The saltwater-interface position at
high tide islargely controlled by the amount of north-
ward flow of the Waccamaw River, which, in turn, is
probably governed by the amount of backwater
caused by the Pee Dee River through Bull Creek. The
interface at high-slack tide changes position by only
several kilometers between low and high freshwater
inflow and usually remains within 10 to 16 km of
Little River Inlet. Apparently, the water above the
interfaceis of good quality and suitable for most uses.

PACIFIC COAST

Bedform dynamics in San Francisco Bay

Bed configurations in San Francisco Bay were
plotted by D. M. Rubin and D. S. McCulloch (1976) as
a function of depth, sediment-grain size, and flow
velocity. In the bay, as in flumes, these parameters
were found to determine quantitatively bedforms
that are in equilibrium. Data from the bay and
published data from flume experiments were com-
bined to determine equilibrium bed configurations
for depths 0f 0.1 to 100 m, grain sizes of 0.04t0 3.0 mm,
and flow velocities of 10 to 250 cm/s. Sand-wave
amplitude is a function of the same parameters. The
larger sand waves (approximately 20 percent of the
flow depth) occur under conditions that plot near the
center of the sand-wave stability field.

Clay-mineral variability in the suspended sediments of San

Francisco Bay

H. J. Knebel, T. J. Conomos, and J. A. Commeau
(1977) made semiquantitative determinations of the
clay-mineral composition of nearls synoptic, surface
suspended-sediment samples collected seasonally
throughout the San Francisco Bay system. The
relative amounts of chlorite plus kaolinite are gener-
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ally highest in the northern reach of the system,
whereas illite is dominant in the southern reach. The
proportion of montmorillonite is low throughout the
bay. Time-series and replicate samples collected at
individual stations show that the difference in clay-
mineral contents of the reaches is real and reflects a
change in the source of clay-mineral particles within
the bay. The Sacramento-San Joaquin River system
supplies the northern reach, whereas most clay-
mineral particles come from resuspension by waves
and tidal currents in the southern reach. Analyses of
bottom sediments and the spatial variability in the
northern reach suggest that therelationship between
the abundance and the sources of clay minerals may,
in turn, be a function of particle size. This study
demonstrates the usefulness of suspended clay min-
erals in interpreting sediment-dispersal patterns in
estuaries.

Numerical simulation of dissolved silica in San Francisco Bay

D. H. Peterson (USGS), J. F. Festa (NOAA), and
T. J. Conomos (USGS) (1977) described a two-
dimensional (vertical) steady-state numerical model
that simulates water circulation and dissolved-silica
distributions and applied the model to the northern
San Francisco Bay. The model (1) describes the
strong influence of river inflow on estuarine circula-
tion and, in turn, on the biologically modulated silica
concentration and (2) shows how rates of silica
uptake relate to silica supply and mixing rates in
modifying a conservative behavior. Longitudinal
silica distributions determined by biological uptake
(assuming both vertically uniform and vertically de-
creasing uptake situations) show that rates of 1 to 10
w g at L1 d-! are sufficient to depress silica (SiO»)
concentrations at river inflows of 100 to 400 m3/s,
respectively, and that the higher rates appear ineffec-
tive at inflows above 400 m3/s. The simulations
further indicate that higher silica utilization in the
null zone is not essential to strongly depress silica
concentrations there. Advective water-replacement
times at river inflows of 400, 200, and 100 m3/s are
computed to be less than 25, 45, and 75 days, respec-
tively, for a 120-km estuary-river system.

Infaunal biomass and production on a San Francisco Bay mudflat

F. H. Nichols (1977a) estimated the biomass
distribution and animal productivity of all common
macrofaunal (>0.5 mm) invertebrate species on the
broad intertidal mudflats adjacent to Spartina-
Salicornia salt marshes in the southern San
Francisco Bay. Total specimen numbers (mean of
four seasons) varied between 53,000 and 155,000/m?2
at three stations along a 154-m intertidal transect
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normal to the marsh edge, but there were large
geagonal variations. Infaunal biomass (mean of
four seasons) varied from 13 to 24 g ash-free dry
weight/m? without large seasonal variations. The
bivalves Gemma gemma and Macoma balthica
together accounted for most (72 to 85 percent) of this
biomass. Minimum rates of annual productivity,
estimated by using a factor relating production to
biomass (4.5*mean annual biomass) as well as size-
frequency data, varied from 53to 110 gm~2yr—*,or at
least 25 g carbon m—2 yr-!, This high secondary pro-
ductivity, supporting a large shorebird community,
is probably maintained by (1) tidal transport of
detritus from the salt marsh, especially following
winter dieoff of the higher marsh plants; (2) continu-
ous resuspension of surface sediment, benthic dia-
toms, and detritus through tide and wind wave
action; (3) the presence of a diatom layer on the mud
surface throughout much of the year; and (4) the
presence of plankton, treated sewage, and riverborne
particulate matter in the water column.

Holocene estuarine sedimentation in Tillamook Estuary of Oregon

A coring program and an acoustic subbottom
survey to determine modern and Holocene sediment
sources and sediment-deposition rates in the estuary
at Tillamook, Oreg., were completed by J. L. Glenn.
With the exception of near-surface sediments asso-
ciated with the spit across the estuary mouth and
with the modern inlet through the spit, rivers enter-
ing the estuary from the nearby Coast Range were
the major sources of Holocene and modern fill;
transport of sediments from the marine source
through the modern inlet and into the estuary is
apparently a fairly recent occurrence. Deposition
rates generally were high in the early Holocene,
moderate in the middle Holocene, and increasing in
late Holocene and prehistorical time. Sedimentation
in the Tillamook Estuary is apparently a complex
function of (1) relative sea-level rise, (2) changes in
climate that may have resulted in varying rates of
river-sediment supply, and (3) agricultural and for-
estry practices.

BALTIC SEA

Influence of fair weather on a benthic community in Kiel Bay

F. H. Nichols (1977b) studied the influence of
unusual periods of warm, calm weather on the
benthic fauna in Western Germany’s Kiel Bay, an
appendage of the western Baltic Sea. Kiel Bay is a
relatively shallow estuarine system influenced pri-
marily by water-mass exchange with the North Sea
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and runoff from the land. However, it is subject to
increased eutrophication as water temperature,
salinity, and waste input gradually increase and
runoff decreases. In summer, bottom waters become
isolated from the surface by establishment of a
strong pycnocline. In European waters, during
recent hot summers (particularly 1973 and 1975),
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surface sediments and the overlying water below
20 m became anoxic and almost totally destroyed the
benthic fauna thatis normally part of the food supply
for the commercially exploited bottom fish. There is
reduced production of these food organisms on an
annual basis. Such conditions, if they worsen, might
affect man’s harvest of fish in this region.



MANAGEMENT OF NATURAL RESOURCES
ON FEDERAL AND INDIAN LANDS

The Conservation Division is responsible for carry-
ing out the USGS’s role in managing the mineral and
water resources on Federal and Indian lands, includ-
ing the Outer Continental Shelf; that role includes, in
particular, the conservation, evaluation, and devel-
opment of the leasable mineral resources and water-
power potential of these areas. Primary functions are
(1) mapping and evaluation of mineral lands; (2)
delineation and preservation of potential public-land
reservoir and waterpower sites; (3) promotion of
orderly development, conservation, and proper use of
mineral resources on Federal lands under lease; (4)
supervision of mineral operations in a manner that
will assure protection of the environment and the
realization of a fair value from the sale of leases and
that will obtain satisfactory royalties on mineral pro-
duction; and (5) cooperation with other agencies in
the management of Federal mineral and water re-
sources.

CLASSIFICATION AND EVALUATION OF
MINERAL LANDS

The organic act creating the USGS gave the
Director the responsibility of classifying and evalu-
ating the mineral resources of public-domain lands.
There are about 101 million ha of land for which
estimates of the magnitude of leasable mineral
occurrences have been only partially made. Such
appraisals are needed so that the rights to valuable
minerals can be retained in the event that the land
surface is disposed of and so that the extent of U.S.

mineral resources can be determined. Estimates are
based on data acquired through field mapping and
the study of available geologic reports, in addition to
spot checks and investigations made in response to
the needs of other Government agencies. Asan aidin
this assessment of certain minerals, guidelines have
been prepared setting forth limits of thickness,
quality, depth, and extent of a mineral occurrence
that are necessary before land is considered mineral
land.

CLASSIFIED LAND

Mineral-land classification complements the leas-
ing provisions of the mineral-leasing laws by reserv-
ing to the Government, in disposals of public land,
the title to energy resources such as coal, oil, gas, oil
shale, asphalt, and bituminous rock and fertilizer
and industrial minerals such as phosphate, potash,
sodium minerals, and sulfur.

These reserved minerals on public lands are sub-
ject to development by private industry under the
provisions of the Mineral Leasing Act of 1920. All
minerals in acquired lands and on the Outer Contin-
ental Shelf are subject to development under compar-
able acts.

As a result of USGS investigations, large areas of
Federal land have been formally classified as min-
eral land. At the end of calendar year 1976, more than
17 million ha of land had been formally classified,
and an additional 947 million ha had been desig-

nated prospectively valuable for a leasable mineral:

Formally classified lands, ha

Prospectively valuable lands, ha

During calendar

Total at end of During calendar Total at end of

Commodity year 1976 calendar year 1976 year 1976 calendar yar 1976
Asphaltic materials ______ 0 0 0 7,262,766
Coal ____________ 12,866 16,815,760 0 141,966,842
Geothermal resources _____ 0 0 369,058 41,583,457
Oilandgas _____________ 0 1,714 0 597,337,153
Oilshale ______________ 0 0 0 5,815,256
Phosphate _____________ 0 166,459 1,052 12,383,571
Sodium _______________ 0 252,950 69,624 108,303,594
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KNOWN GEOLOGIC STRUCTURES OF
PRODUCING OIL AND GAS FIELDS

Under the provisions of the Mineral Leasing Act of
1920, the Secretary of the Interior is authorized to
grant to any applicant qualified under the act a
noncompetitive lease to prospect for oil and gas on
any part of the mineral estate of the United States
that is not within any Known Geologic Structure
(KGS) of a producing oil or gas field. Lands within
such known structures are competitively leased tothe
highest bidder. During calendar year 1976, 105,903
ha of onshore Federal 1and was determined to be in
KGS’s—the total at the end of the year was more than
7 million ha.

KNOWN GEOTHERMAL RESOURCE AREAS

The Geothermal Steam Act of 1970 provides for de-
velopment by private industry of federally owned
geothermal resources through competitive and non-
competitive leasing. During calendar year 1976,
52,895 ha was included in Known Geothermal Re-
sources Areas (KGRA) and brought the total to
1,296,151 ha.

KNOWN RECOVERABLE COAL RESOURCE
AREAS

The Federal Coal Leasing Amendments Act of
1975 provides for the development of federally owned
coal lands by private industry through competitive
lease and authorizes the Secretary of the Interior to
designate Known Recoverable Coal Resource Areas
(KRCRA). During calendar year 1976,1,433,337 ha of
coal land was included in KRCRA’s and brought the
total to 5,187,723 ha.

KNOWN LEASING AREAS FOR POTASSIUM,
PHOSPHATE, AND SODIUM

During calendar year 1976, 28,212 ha was added to
Known Potassium Leasing Areas, for a year-end
total of 174,545 ha. Known Phosphate Leasing Areas
were increased by 9,629 ha for a total of 27,012 ha.
The total of 116,515 ha in Known Sodium Leasing
Areas remained unchanged during 1976.

WATERPOWER CLASSIFICATION—
PRESERVATION OF RESERVOIR SITES

Suitable sites for water-resource development are
valuable natural resources that should be protected
to assure that they will be available when they are
needed. The waterpower classification program is
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conducted to identify, evaluate, and protect from
disposal and injurious uses those Federal lands
located in sites having significant potential for
future development. USGS engineers review maps,
serial photographs, and streamflow records to deter-
mine potential dam and reservoir sites. Topograph-
ic, engineering, and geologic studies are made of the
identified sites to determine whether the potential
value warrants formal classification of affected
Federal lands. These resource studies provide the
land-administering agencies with information that
is basic to management decisions on land disposal
and multiple use. Previous classifications are
reviewed as additional data become available and as
funds permit. If the sites are no longer considered
suitable for development, the classification of the
affected Federal lands is revoked. If the lands arenot
reserved for other purposes, they are returned to the
unencumbered public domain for possible disposi-
tion or other use. During calendar year 1976, about
4,000 ha of previously classified lands in four West-
ern States was released, and reviews of classifica-
tions were conducted in eight river basins in the
Western States and Alaska.

During calendar year 1976, USGS engineers stu-
died several of the most favorable pumped-storage
sites affecting Federal lands in California, Idaho,
and Oregon. There is an increasing trend to develop
pumped-storage hydroelectric projects, which con-
vert low-cost off-peak energy produced by fossil- or
nuclear-fueled thermal plants to high-value peaking
energy available during periods of greatest demand.

SUPERVISION OF MINERAL LEASING

Supervision of competitive and noncompetitive
leasing activities forthe development and recovery of
leasable minerals in deposits on Federal and Indian
lands is a function of the USGS, delegated by the Sec-
retary of the Interior. It includes (1) geologic and
engineering examination of applied-for lands to
determine whether a lease or a permit is appropriate-
ly applicable, (2) approval of operating plans, (3)
inspection of operations to insure compliance with
regulations and approved methods, and (4) verifica-
tion of production and the collection of royalties (see
table 5).

Before recommending a lease or a permit, USGS
engineers and geologists consider its possible effects
on the environment. Of major concern are the
esthetic value of scenic and historic sites, the preser-
vation of fish and wildlife and their breeding areas,
and the prevention of land erosion, flooding, air
pollution, and the release of toxic chemicals and
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TABLE 5.—Mineral production, value, and royalty for calendar year 1976
Qil Gas Gas liquids Other’ Value Royalty
Lands (tonnes) (1,000 m3) (liters) (tonnes) (dollars) (dollars)
Public ________________ 22,039,263 29,083,252 1,467,231,090 43,751,709  2,413,624,739 246,971,130
Acquived ______________ 833,254 882,423 15,117,157 1,053,392 203,359,195 13,881,470
Indian 3,728,396 3,583,584 164,669,130 25,527,138 591,191,244 58,282,963
Military _______________ 42,149 617,489 64,577,841  _________ 14,214,420 2,274,961
Outer Continental
Shelf 43,413,714 101,836,568  7,271,546,813  _________ 4,402,439,996 699,424,790
Naval Petroleum
ReserveNo.2 _________ 116,109 63,069 30,060,155  _________ 12,434,705 1,346,888
Total ___________ 70,172,885 136,066,385  9,013,202,186 70,332,239  7,637,264,299 1,022,182,202

' All minerals except petroleum products; includes coal, potassium, sodium minerals, and so forth.

dangerous materials. Consideration is also given to
the amount and kind of mining-land reclamation
that will be required.

OUTER CONTINENTAL SHELF LEASE
SALES FOR OIL AND GAS

Four sales of Federal Outer Continental Shelf
(OCS) leases for oil and gas were held in calendar
year 1976. Two sales held in February and November
1976 in the Gulf of Mexico OCS offered 381,301 ha for
lease. High bids totaling $555,125,455 were accepted
for 137,388 ha in 77 tracts. In August 1976,354,816 ha
was offered for lease in the Mid-Atlantic OCS. High
bidstotaling $1,127,936,425 were accepted for 214,272
ha in 93 tracts. The first lease sale in the Frontier
OCS area of the Gulf of Alaska, held in April 1976,

offered 408,134 ha. High bids totaling $599,836,587
were accepted for 165,543 ha in 76 tracts. USGS
geologists, geophysicists, and engineers evaluated
each tract offered to insure that the Government
received fair market value.

COOPERATION WITH OTHER
FEDERAL AGENCIES

The USGS acts as a consultant to other Federal
agencies in land-disposal cases. In response to their
requests, the USGS determines themineral character
and water-resource-development potential of specific
tracts of Federal lands under their supervision that
are proposed for sale, exchange, or other disposal.
About 3,400 such reports were made during calendar
year 1976.
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EXPERIMENTAL GEOPHYSICS
ROCK MAGNETISM

Paleomagnetic anomaly in Pleistocene Lake Russell sediments

The Pleistocene glacially derived sediments of
ancient Lake Russell that occur in the vicinity of
Mono Lake in California are known to record a brief
period of anomalous behavior of the geomagnetic
field, termed an excursion. J. C. Liddicoat reinvesti-
gated this locality and found that the angular depar-
ture of the paleomagnetic direction from the normal
value is 65° and that the maximum amplitude of the
entire oscillation is 85°, much greater than
investigators had thought previously. The excursion
is recorded faithfully at several sites in the same
sedimentary rock formation and now is seen to be
large enough to be used as a stratigraphic marker.
Radiocarbon dates place the excursion at 24,600
years before present and indicate its total duration to
be about 1,000 years. During the excursion, the
geomagnetic field intensity apparently diminished
by about 60 percent. The details of the changes in
paleomagnetic direction can be interpreted to mean
that both eastward and westward movements of the
nondipole part of the geomagnetic field occurred, in
contrast to the westward movement observed histori-
cally. Mathematical models of the excursion suggest
that it was caused by abnormally large foci of the
nondipole field.

Paleomagnetism of the Great Valley sequence in Sacramento
Valley of California

Paleomagnetic samples from five localities within
the Great Valley sequence in the Sacramento Valley
of California were studied by E. A. Mankinen. The
samples range in age from Late Jurassic to Late
Cretaceous and span a total thickness of approxi-
mately 15,000 m. Audiofrequency demagnetization
experiments show that the remanence of these sedi-
ments was acquired after the sequence was folded. A
mean paleomagnetic pole position determined from

the demagnetized samplesis not significantly differ-
ent from known Cretaceous poles of North America,
an indication that the sequence must have been
folded and remagnetized during the Late Cretaceous.

Large-scale displacement of the Nikolai Greenstone Triassic in
McCarthy, Alaska

Paleomagnetic results obtained by J. W. Hillhouse
and R. R. Doell from the Nikolai Greenstone (Middle
and (or) Upper Triassic), near McCarthy, Alaska,
indicated that these basalts originated at a paleolati-
tude near 15° N. The mean Nikolai paleolatitude lies
approximately 27° (3,000 km) south of the Triassic
latitude predicted for McCarthy, on the basis of
paleomagnetic data for continental North America.
The Nikolai paleomagnetic pole is at lat 2.2° N., long
146.1° E., with a statistical uncertainty of +4.8° as
determined from 50 flows sampled at five sites.
Geologic and paleomagnetic evidence indicates that
the Nikolai is allochthonous to Alaska and that,
together with associated formations on Baranof,
Chichagof, Queen Charlotte, and Vancouver
Islands, it is part of a now disrupted equatorial
terrane.

GEOMAGNETISM

Geomagnetic secular variation

L. R. Alldredge completed a study of geomagnetic
variations having periods from 13 to 30 years. He
concluded that these variations must come from
sources internal to the Earth. The variations could
not be explained by the westward drift of a core
dynamo with a detailed fine structure. Hydromag-
netic waves in the core offered a better explanation.
The amplitude of variations having a period of 25
years is as large as 60 nT, which is approximately six
times the amplitude of variations having a period of
15 years. This type of information is useful in esti-
mating deep mantle conductivity.
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Main field, long-wavelength anomalies

According to J. C. Cain, the partial transfer of
energy from the dipole (n=1) to the higher order
modes represented by wave numbers n=2, 3, and 4 has
been verified in.preliminary analysis of secular
change since 1920. The partition of the surface field
between core and crustal source functions has been
found to occur gradually from n=9ton=13, the energy
in n=8 being anomalously low. The features repre-
sented by n> 22 are clearly crustal and show interest-
ing, but incompletely explained, correlations with
crustal development.

Current loop models of the geomagnetic field

N. W. Peddie developed computer algorithms that
yield the value of the magnetic field vector at any
point owing to an arbitrary system of dipoles and
circular current loops. Using an evenly distributed
set of approximately 400 representative values of the
geomagnetic field vector and modern techniques of
nonlinear optimization, Peddie modeled the static
geomagnetic field with systems of up to six uncon-
strained dipoles and current loops. The behavior of
these systems in time is being analyzed and applied
to the problem of secular variation. In particular,
tests are being made to determine whether the
extrapolation of such systems forward in time pro-
vides a prediction of the geomagnetic field that is
significantly improved over that which can be
obtained from the linear or quadratic extrapolation
of spherical harmonic coefficients, the technique in
current use for modeling secular variation for world
charts and reference field models such as the Interna-
tional Geomagnetic Reference Field.

Geomagnetic observatories

According to J. D. Wood, geomagnetic observatory
operations were continued at Barrow, Sitka, and
College, Alaska; Guam in the Mariana Islands;
Newport, Wash.; Boulder, Colo.; Fredericksburg, Va.;
and San Juan, P.R. Observations at Castle Rock,
Calif., were suspended. Conventional photographic
recording magnetographs are operated at all of the
observatories except Barrow; digitally recording
fluxgate magnetometers are now in operation at
Barrow and five other observatories. R. J. Main, Jr.,
was responsible for processing the photographic
data and determining magnetic indices and special
effects before results were released for dissemination
through World Data Center A. Programs for process-
ing the digital data were developed by L. R. Wilson,
and digital data for some observatories are now
being furnished to the World Data Center for distri-
bution.
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Repeat magnetic surveys

Measurements of the absolute values of the
components of the Earth’s magnetic field are
acquired periodically at more than 200 repeat sta-
tions scattered throughout the conterminous United
States, Alaska, and the Pacific islands. According to
J. D. Wood, processing of the data collected from 20
stations in Alaska in 1975 was completed, and thg
data were used to help determine the secular changes
for Alaska for the past decade.

Magnetic charts of the United States, 1975.0

Publication of the entire series of national mag-
netic charts of the United States was completed in
December 1976. The charts in this series are Map
1-912 (Peddie, Jones, and Fabiano, 1976), Map I-913
(Fabiano and Jones, 1976), Map I-914 (Jones and
Fabiano, 1976), and Map I-915 (Fabiano, Peddie, and
Jones, 1976). In an evaluation of the charts, E. B.
Fabiano found the overall root-mean-square of the
deviations to be on the order of 200 nT in the main-
field components of the horizontal, vertical, and total
intensity and 5 nT/yr in the annual change rates.
Although elementary least squares functions appear
to be adequate for smoothed representations of the
magnetic vector field in the United States, additional
refinements for improved accuracy would not be
significantly meaningful without additions of new
survey measurements to the existing data base, 60
percent of which consists of surveys made prior to
1950.

PETROPHYSICS

Establishment of petrophysics laboratory

A petrophysics laboratory was established in
Denver to measure the electrical, magnetic, and
optical properties of geologic materialsin a variety of
environments. These data can be used to interpret in-
hole, ground, airborne and satellite geophysical
measurements. Current capabilities include (1)
matrix characterization (specific gravity, bulk den-
sity, porosity, specific surface area, and cation
exchange capacity); (2) automated electrical proper-
ties (complex resistivity and complex dielectric con-
stant) as a function of frequency from 10-5t0 101° Hz,
current density (©10-8 A/cm?), water content (10~?
torr to saturation), temperature (-30° to 1,700°C),
pressure (to 10 kb), explicitly controlled pH and Eh;
(3) magnetic susceptibility and remanence; and (4)
spectral transmittance, reflectance, and emittance
from 0.18 to 50 um.
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Nonlinearity in complex resistivity of permafrost clay confirmed

Studies conducted by G. R. Olhoeft confirmed the
existence of substantial nonlinearity in the current
voltage of the complex resistivity of montmorillonite
from +21° to -31°C. The nonlinearity is attributed to
the absorption-desorption process of cation exchange
and is one of the primary mechanisms responsible for
the large induced polarization responses sometimes
observed in non-sulfide-bearing permafrost.

Nonlinear complex resistivity used in geophysical exploration

techniques

The technique of nonlinear complex resistivity
(NLCR) is being used by G. R. Olhoeft to study the
interfacial electrochemical méchanisms that deter-
mine induced polarization and other geophysical
exploration techniques on the basis of electrical
properties. The power of the NLCR technique isin its
sensitivity to specific chemical reactions. NLCR uses
the nonlinear current-voltage variations of the com-
plex resistivity with frequency and harmonics, cur-
rent density, and chemistry (pH, Eh, pX) to explain
the interactions between aqueous solutions and
sulfide- or uranium-bearing rock. Olhoeft’s studies
indicated that the NLCR technique will be useful in
situ to delineate chemical variations in a mine site
and thus will help tailor solution mining techniques
to that particular site.

Large-scale magnetic anomalies over burned coal seams

Studies conducted by D. E. Watson on the magnetic
properties of sediments baked by burning coal seams
show that:
® The chemical nature of the combustion that occurs

during the natural burning of coal seams can be
determined by analyzing the resultant thermo-
chemical alteration of the magnetic mineral in
the overburden. This information provides (1) an
understanding of the conditions required to
improve in situ gasification and (2) data for de-
veloping a technique for locating the burning
front during gasification or coal-mine fires.

o [t is possible to classify the qualify of burned
clinkers by relating it to the magnetic anomaly
produced during the baking process. This proce-
dure will provide remote evaluation of clinker
hardness and thus determine its suitability for
roadbed use or for determining where to place a
road through the clinker with least effort.

Spectral signatures of particular minerals
On the basis of spectral reflectance measurements

made from 0.4 to 2.5 um on several hundred well-
characterized particulate mineral samples, G. R.

Hunt generated a spectral signature diagram that
summarizes the diagnostic information available
and identifies the source process for each band as
being due to electronic processes, such as crystal field
effects, charge transfer, color centers, or transitions
to the conduction band, or to vibrational overtone or
combination processes. The diagram provides a
ready reference for the interpretation of visible and
near-infrared features that typically appear in
remotely sensed data.

infrared spectral behavior of finely particulate solids

Transmission and emission spectra of clouds and
layers of fine particulate solids recorded in the 6.5 to
35- um region by G. R. Hunt demonstrated that (1)
the behavior of layers of particles constitutes a good
analog for the behavior of a cloud of particles; (2)
individual micron-sized particles emit most where
they absorb most; (3) as the particle size is increased,

_the emission features reverse polarity and the spec-

trum approaches that obtained from a polished plate
of the material; and (4) as the particle-layer thickness
increases, radiative interaction becomes increas-
ingly important, so that the emission maximum
shifts from the strongest features to weaker ones or
produces a maximum at the Christiansen
wavelength. These results are of particular impor-
tance for studies of lunar and planetary regoliths as
well as of atmospheric aerosol layers and dust
storms.

APPLIED GEOPHYSICAL TECHNIQUES

Gravity variations at Kilauea Volcano

Repeated high-precision gravity measurements
made near the summit of Kilauea Volcano in Hawaii
revealed temporal variations of gravity associated
with the deflation of the volcano that followed the
earthquake and eruption of November 29, 1975
(Tilling and others, 1976). Gravity differences with
respect to a base station located on the southern flank
of Mauna Loa Volcano in Hawaii were measured at
18 sites within 5 km of Kilauea Crater. The original
survey, conducted between November 10 and 23,
1975, was repeated during the 2 weeks following the
earthquake. Standard errors of the gravity differ-
ences measured during both surveys average about 5
u Gal. The results of these two surveys indicate that
the gravity at sites near the summit of Kilauea
Volcano increased with respect to gravity at sites
located away from the summit. The pattern of grav-
ity increase at the summit sites is roughly radially
symmetrical about the geodetically determined locus
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of the deflation, which is located approximately 1 km
southeast of Kilauea Crater and has a half width of
2.2 km. Gravity increases at three sites along the
eastern rift zone are approximately 110« Gal. Grav-
ity at the summit sites changed smoothly during the
2 weeks following the earthquake, whereas gravity
changes at the rift sites were restricted to the first 36
hours following the earthquake. The gravity changes
correlate closely with elevation changes that
occurred between level surveys conducted on Sep-
tember 22, 1975, and January 8, 1976. The relation
between gravity change and elevation change

(-1.70+0.07 . Gal/ecm) shows that the local mass dis-’

tribution beneath the summit of Kilauea Volcano
changed during the time between the surveys. Mass
balance calculations indicate that the volume of
subsidence is too small to account for the gravity
changes, presumably because some magma moved
away from the summit area without complete col-
lapse of the resulting voids.

Geophysical characteristics of uranium deposits

Studies conducted in Texas and Wyoming uranium
districts showed thatinduced polarization, magnetic
susceptibility, and resistivity anomalies are asso-
ciated with sedimentary uranium deposits. J. J.
Daniels attributed these anomalies to variations in
pyrite, magnetite, clays, and calcite cement across
the roll front. Induced polarization and resistivity
anomalies were detected between drill holes up $0 300
m apart with hole-to-hole measurements. Although
conventional logging measurements in single drill
holes also showed induced polarization and re-
sistivity anomalies, hole-to-hole measurements
greatly increased the range of detection of
exploration targets.

Gravity exploration for gold-bearing gravels

A study was made by H. W. Oliver to test the
feasibility of applying gravity surveying to the
determination of bedrock configurations beneath
gold-bearing Tertiary gravels in the northern Sierra
Nevada of California. Small gravity lows of 0.8 and
1.4 mGal occur over deposits of Tertiary gravels at
Badger Hill and North Columbia, respectively. The
maximum thicknesses of gravels at the two localities,
as determined by drilling, are about 60 m at Badger
Hill and 140 m at North Columbia. Comparisons of
drilled depths of bedrock and models interpreted
from gravity data indicate that the gravity method
may be used to determine the general form of bedrock
configurations beneath the exposed gravels by using
a density contrast of -0.27 g/cm? between the gravels
and the bedrock. Gravity data obtained over the
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bedrock surrounding the Tertiary gravels is required
to determine the isolation of these gravel-associated
anomalies from those caused by intrabedrock den-
sity contrasts. Gravity anomalies of -0.5 to -2 mGal
were detected over channels buried by 60 to 200 m of
upper Tertiary volcanic rock, but the anomalies are
difficult to distinguish from those caused by other
sources.

Detection of underground conductors

Scale-model studies conducted by F. C. Frisch-
knecht and J. C. Wynn showed that grounded con-
ductors such as rails or pipelines can be detected at
depths as great as 100 to 200 m by using low-
frequency loop-loop electromagnetic studies. Dipole-
dipole resistivity measurements are potentially
useful in locating the same sorts of targets, although
the array must be alined approximately parallel to
the strike of the source. Experiments made with
partially insulated conductors demonstrated that the
grounding impedance between the conductor and the
Earth is the most critical parameter governing the
response. R. D. Watts’ analysis of electromagnetic
scattering in a plane wave field caused by buried
pipes, wires, or rails revealed that these conductors
are detectableif they are shallower than one-fourth of
the skin depth at the measurement frequency.
Although the conductors’ depth and position can be
determined readily, their size cannot. The results of
these studies are useful in evaluating the effects of
surface cultural features on geoelectric
measurements, as well as in locating objects in
underground workings.

Electrical properties of oil shale

D. L. Campbell and G. R. Olhoeft completed preli-
minary multifrequency laboratory measurements of
the electrical properties of a suite of oil-shale samples
from the Piceance Basin in Colorado. The data
indicate that the presence of kerogen in wet marls
greatly increases direct current resistivity,
introduces substantial anisotropy, and causes a
frequency dependence above 10 to 100 Hz. The
magnitude of these effects is maximum for interme-
diate grades of oil shale. The conductivity of oilshale
has a substantial dielectric component, which should
be taken into account in interpreting electromagnetic
soundings from the region.

Gravity surveys in coal exploration

Results of high-precision (20.02-mGal Bouguer
anomaly values) gravity surveys conducted by W. P.
Hasbrouck in North Dakota and Colorado indicated
that (1) the sharp edge of a thick coal bed near the
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surface is reflected in the gravity data, (2) glacial
channels (in North Dakota, these ancient streams
are known to have cutout coal seams) can also be
found by gravity measurements; and (3) the existence
of minor faulting, as well as abrupt changes in
thickness of shallow lignite deposits, is apparent on
gravity profiles.

Nuclear borehole sonde for uranium exploration

F. E. Senftle constructed and tested a borehole
sonde (1.7 m long and 7.3 cm in diameter) by using
a 200-m? planar intrinsic germanium detector
mounted in a cryostat cooled by removable canisters
of frozen propane. The sonde is especially useful in
measuring X-ray and low-energy gamma-ray spectra
(40 to 400 keV). Laboratory tests in an artificial
borehole indicate that the sonde can be used to make
in-situ uranium analyses in boreholes irrespective of
the state of equilibrium in the uranium series. Both
natural gamma-ray and neutron-activation gamma-
ray spectra have been measured with the sonde.
Although the neutron-activation technique yields
greater sensitivity, improvements being made in the
resolution and efficiency of intrinsic germanium
detectors suggest that it will soon be possible to use a
similar sonde in the passive mode for measuring
uranium in a borehole down to about 0.1 percent with
acceptable accuracy. If a similar detector and neu-
tron activation are used, the sonde can be used to
measure uranium down to 0.01 percent.

Geomagnetic soundings

The Coso Range in California and Adak Island in
Alaska were the sites of two geomagnetic sounding
studies. Preliminary analysis of the Coso Range rec-
ords indicated that the conductivity effect of the
Pacific Ocean is detected in the study region and that
detailed modeling and data processing will be
required to interpret the electrical conductivity struc-
ture of the area. Geomagnetic and telluric observa-
tions made on Adak Island showed a large changein
electrical conductivity across the island from the re-
sistive southern island to a very conductive, young,
northern portion that includes Mount Adagdak.

D. V. Fitterman developed a processing system for
handling geomagnetic sounding data recorded with
the USGS’s digital geomagnetic array. Data, which
are recorded on magnetic cassettes, are transcribed
on nine-track magnetic tape and then plotted. The
processing system is capable of reporting data
breaks, selectively extracting data segments, plot-
ting selected data segments, and low-pass-filtering
data. The system is implemented on a dedicated
minicomputer system to provide low-cost data-
processing capability.
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Deep-well seismic measurements in petroleum exploration

Investigations by A. H. Balch, M. W. Lee, and R.T.
Ryder suggested that many diagnostic rock proper-
tiesrelevant to finding petroleum can be measured by
a seismometer locked in a well. The method, called
vertical seismic profiling,involves lowering a special
geophone into a well on a conventional logging cable,
energizing a seismic source at the surface, and
measuring the resultant wave field in the Earth. In
this manner, important acoustic properties of the
subsurface rock layers, some of which may be related
to the presence or absence of petroleum, are mea-
sured. In addition, the method enables the geophysi-
cist to better interpret surface seismic data by tracing
reflected events from the surface down to their origin.
Preliminary results from wells in the eastern Powder
River basin of Wyoming suggest that the spectrum of
waves reflected by porous rock horizons may differ
significantly from that reflected by nonporous rock
horizons.

Controlled-source electromagnetic measurements

A controlled-source frequency-domain electromag-
netic system was developed recently by F. C. Frisch-
knecht, J. A. Bradley, and C. M. Mitchell and tested
in the geothermal area of Idaho’s Raft River Valley.
Data obtained by W. L. Anderson were inverted to
determine the geoelectrical section down to depths
greater than one-half the source-receiver separation,
or up to 1 km. Results compare favorably with those
obtained by Schlumberger sounding methods, and
the controlled-source electromagnetic method should
be useful in geothermal investigations and in other
investigations, particularly in regions where
Schlumberger array configurations are physically
difficult to set up.

Gravity and magnetic modeling

A computer program developed by J. W. Cady to
calculate the magnetic or gravity fields of prisms
with polygonal cross sections and finite lengths has
an optional least squares solutions for magnetization
or density of a body. The operating ease of the
program is comparable to that of the Talwani-type
two-dimensional modeling programs, but it
addresses the more realistic problem of bodies of
finite length. The program includes a least squares
option that permits optimum fitting of a modeled
body to the measured magnetic or gravity values and
also allows a body to be subdivided so that its
uniformity along strike can be examined. The
program is computationally very fast and has imme-
diate display of graphical output.
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Gamma-ray measurements in northeastern Washington

J. A. Pitkin made truck-borne gamma-ray
spectrometry measurements in the area of the Togo
Formation in northeastern Washington, including
the Midnite mine and the Mount Spokane alaskites.
Apparent concentrations of the radioelements potas-
sium, uranium, and thorium were computed from the
field data to determine the surface extent of uranium
mineralization in the areas surveyed. Initial results
show only large anomalous concentrations of ura-
nium in areas of known mineralization. Subtle
changes in concentration may be related to hitherto
unknown mineralization.

Interpretation of airborne gamma-ray data

A special imaging technique that presents air-
borne gamma-ray data as a color image was devel-
oped by J. S. Duval. This technique was applied to
data from a survey flown near Freer, Tex., and the
resulting image enhances the differences between
geologic materials so that terrace deposits, alluvium
from different sources, and very similar geologic
units can be distinguished. Additionally, the image
shows subtle colorations that seem to berelated to the
presence of a favorable environment for uranium de-
position. One of these color areas coincides with the
area of the ARCO Clay West leach site. Using the
same gamma-ray data, histograms for uranium,
thorium, and potassium in mapped geologic units
were calculated in order toinvestigate the hypothesis
that the shape of the histograms might indicate
whether a geologic formation was favorable for the
occurrence of uranium mineralization. Results in this
test area suggest that an oddly shaped histogram
reflects the complexity of the geologic unit rather
than special geochemical properties that might be
related to potential uranium mineralization.

Schiumberger soundings near Fallon, Nevada

Thirty-one Schlumberger soundings were made
near Fallon, Nev., by A. A.R. Zohdy and R. J. Bisdorf
to estimate and delineate the volume of fill contain-
ing fresh ground water and to map the lateral extent
and thickness of a series of basalt flows that are the
principle aquifer in the area. The results indicated
that it is possible to map the basalt aquifer and to
delineate areas where the sedimentary rocks are
primarily composed of clays and (or) saturated with
salty ground water. It was found that the basalt
aquifer extends over an area of approximately 35 km?
and that its maximum thicknessis as much as 500 m.
The depth to the electric basement of high-resistivity
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rocks was also determined to be between 2.5 and 3.5
km.

Geophysical studies in Bob Marshall Wilderness area in Montana

M. D. Kleinkopf interpreted aeromagnetic and
gravity data from the Bob Marshall Wilderness area
of Montana to provide information about the structu-
ral framework and distribution of several areas of
near-surface crystalline rocks. In evaluating the
petroleum potential of the wilderness area, gravity
data provide constraints on the depth and configura-
tion of the top of the Mississippian as an aid in
constructing geologic cross sections. It is speculated
that the northeasterly trends in the geophysical data
may reflect broad arching or fault zones that could
have influenced the entrapment of petroleum depos-
its.

Crustal blocks in Central America

J. E. Case’s analyses of regional Bouguer gravity
anomalies indicated that nuclear Central America
may include two blocks of “continental” crust whose
thickness is as great as 45 km. The northern block,
characterized by Bouguer anomalies of -100 to -150
mGal (Bowin, 1976), extends from southern Mexico
across central Guatemala and into central Honduras
(Case and Donnelly, 1976). A 40-km crust was indi-
cated by studies of the aftershocks of the 1976
Guatemala earthquake (Langer and others, 1976).
The basement of Guatemala and northern Honduras
is known to include Precambrian and Paleozoic
metamorphic and igneousrocks. A second prominent
negative anomaly occurs in northern Costa Rica
where Bouguer gravity values are as low as -75
mGal. Matumoto, Ohtake, and Latham (1976)
reported that the crustal thickness of the central
volcanic province of Costa Rica is about 43 km.
Although basement rocks are not exposed in north-
central Costa Rica, the combined seismic and
gravitational evidence indicates that a block of
continental crust is probably present at depth. In
contrast, Bouguer anomalies near Managua, Nicara-
gua, ranging from -15 to +40 mGal are suggestive of
“oceanic” or transitional crust. In studies of the
aftershocks of the 1972 Managua earthquake,
Brown, Ward, and Plafker (1973), Langer and others
(1974), and Ward and others (1974) assumed a crust of
about 25 km consistent with mean Bouguer anomal-
ies of about zero. If nuclear Central America was
attached to the craton of northern South America, as
some investigators postulate, these blocks have anet
displacement azimuth of 300° to 308° with respect to
a fixed South America and net displacement rates of
about 0.9 to 1.5 cm/yr during the past 150 million
years.
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Magnetization of Mount Shasta

Aeromagnetic data were collected over Mount
Shasta, California, and the surrounding terrain as
part of a resource appraisal of the Mount Shasta
Wilderness study area. R. J. Blakely applied inverse
methods to these data in order to assess the bulk
properties of the magnetic source. Blakely’s
experiments were of two types: (1) A calculation of the
intensity and direction of magnetization using a
linear least square method that Blakely recently de-
veloped. Each method assumes that the top of the
source corresponds to the surface of the volcano and
that the magnetization is uniform. The results of
these experiments can be interpreted in two general
ways: (1) Either the western flank of Mount Shasta is
substantially more magnetic than the rest of the
volcano, or (2) the Curie-point isotherm rises to
relatively shallow depths beneath the summit and
eastern flank. Both observations satisfy gravity data
(LaFehr, 1965). The second interpretation, however,
is also supported by surface manifestations of geoth-
ermal activity. Moreover, recent geologic studies
conducted by R. L. Christiansen showed that the
summit is silicic in nature and less than 3,000 years
in age, which suggests that it may be underlain by a
shallow magma chamber.

Geophysical discovery of caldera in northwestern Nevada

Gravity data reported by Donald Plouff, S. L.
Robbins, and K. D. Holden (1976) were used to
delineate a previously unreported caldera located
about 70 km southwest of Denio, Nev., in the Charles
Sheldon Antelope Range. The site of the probable
caldera is marked by a 16x25-km 18-mGal gravity
minimum and by a nearly coincident 230-gamma
magnetic minimum (U.S. Geological Survey, 1972). A
smaller 8x19-km 13-mGal gravity minimum, centered
23 km to the northeast of thelarger gravity anomaly,
also may indicate the presence of a caldera. A
preliminary interpretation of the data based on a
density contrast of 0.2 g/cm3 indicates that the mass
anomaly associated with the larger caldera may
extend to a depth of 2.5 km beneath the surface.

Potential geothermal source on Adak Island, Alaska

Gravity, magnetotelluric, audiomagnetotelluric,
self-potential, and telluric traverse surveys on Adak
Island, Alaska, showed that a large, low-density,
conductive body exists at a depth of not over 1 km
under the southern flank of Mount Adagdak, an
extinct volcano. These data were interpreted by D. B.
Hoover as an indication of a shallow geothermal
reservoir under this part of Adak Island.
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Self-potential related to soil moisture

A serious noise problem in self-potential measure-
ments related to varying soil-moisture content, called
capillary pressure potential, is related to Donnan
systems and the capillary effect potential. D. B.
Hoover reported that, given some simplifying
assumptions, the potential can be shown to be given
by
oP. )
y\C 7’
where K is a constant, o is the specific surface
conductance, \ is equivalent conductance, C is the
concentration of the pore fluid, and Pis the capillary
pressure. This equation predicts, for unsaturated
materials such as soil at the surface, a potential that
varies with the percent of water saturation or eleva-
tion above the free-water interface. Some topograph-
ic variations of self-potential can be explained by this
mechanism.

Ecr = K(

Geoelectric structure of Kilauea Iki lava lake

Schlumberger vertical electric soundings (VES)
and horizontal loop-loop electromagnetic (EM)
soundings supplemented by very low frequency
(VLF) measurements were made by C. J. Zablocki to
determine the geoelectric structure of Kilauea Iki
lava lake in Hawaii. The VES results showed a
liquid-water zone formed by condensed steam above
the hot, dry, and highly resistive basalt that lies
immediately above the ionically conductive melt.
VLF impedance measurements indicated a lower re-
sistivity for the western zone than the galvanic VES
measurements indicated, and this variance probably
results from frequency dependent electrical proper-
ties. Inversion and analysis of the EM sounding data
indicated a conductivity-thickness product for the
melt zone to be between 6.0 and 7.2 mho. The lateral
boundaries of the existing molten lava in Kilauea Iki
lava lake were delineated by using VLF and turam
profiling techniques. Analysis of all data sets showed
that the surface projection of the molten edge can be
defined within + 30 m, except toward the western
edge where it appears to be thinner and irregular.

GEOCHEMISTRY, MINERALOGY, AND
PETROLOGY

EXPERIMENTAL AND THEORETICAL
GEOCHEMISTRY

National Center for the Thermodynamic Data of Minerals

The USGS has established a National Center for
the Thermodynamic Data of Mineralsin Reston, Va.,
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in cooperation with the Office of Standard Reference
Data of the National Bureau of Standards under the
National Standard Reference Data System. The aim
of the center is to acquire and provide, on a continu-
ing basis, critically evaluated descriptions of the
thermodynamic properties of minerals and other
geologic materials over the ranges of temperature,
pressure, and composition observed in the geological
environment.

The center’s staff will place primary emphasis on
coverage of the numerical data needed to understand
the geological environment and to use its resources.
Specifically, the center will develop critically evalu-
ated data on the properties of all naturally occurring
solid phases of chemical end-members of bases and
aqueous ions. The evaluated results will be published
in the “Journal of Physical and Chemical Reference
Data,” the publications of the USGS, and other ap-
propriate outlets to achieve the maximum distribu-
tion to interested users.

The initial staff of the National Center for the
Thermodynamic Data of Minerals is headed by John
L. Haas, Jr. Other members of the USGS serve as
consultants to the center for their particular special-
ties.

Heat capacities of minerals

The heat capacities of corundum, periclase, &n-
orthite, CaAl,Si,0, glass, muscovite, pyrophyllite,
KAISi,Oq glass, grossular, and NaAlSi,O, glass were
determined to an accuracy of +1.0 percent by differ-
ential scanning calorimetry between 350 and 1,000 K.
These results were combined with existing low-
temperature heat capacity and entropy data and
fitted by least squares to the following equations:

C? (anorthite)=516.83—0.09249T — 1408500T 2~
4588.5T1/244.188x10~°T*
(298—1850 K)

C? (CaAl,Si,04 glass)=375.17+0.03197T—
2814700T-2—24594T1/2
(298—-1500 K)

Cp (muscovite)=917.67—0.08111T+
2834100T2—-10348T-1/2
(298—1000 K)

Cg (pyrophyllite)="746.75—0.05354T —
7T578T-1/2+1.986 x 10~5T?
(298—800 K)

Cp KAISi;O, glass)=684.69—0.1481T+3527700T 2~
8182712+ 3.305x10~°T*?
(298-1200 K)

C? (grossular)=1529.3—0.6990T +7442600T 2~
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18943T1/2+2.530x 10~*T*
(298—1200 K)

C? (NaAlSi;0; glass)=917.95—0.3824T +5279600T 2~
11511T-V/24+1.474 x 10~*T*
(298—1200 K)

These equations are constrained to join smoothly
between 300 and 375 K with more accurate Cg values
previously determined by low-temperature adiabatic
calorimetry. Calorimetric data for muscovite, pyro-
phyllite, and grossular were combined with data
from recent equilibrium studies to derive improved
values for AGS ., for muscovite, pyrophyllite, and
grossular.

Thermodynamic data of 2M; muscovite

E-an Zen concluded that the calculation of thermo-
chemical data on minerals based on reversed
hydrothermal phase-equilibrium studies should be
made on the basis of values of temperature, pressure,
and fugacity of volatiles at the actual reversal limits
rather than at some average values; such a procedure
would allow meaningful computation of errors and
lead to discrimination of different types of errors.
This approach and hydrothermal data published
recently by Chatterjee and Johannes (1974) and Day
(1973) can be used to compute a standard Gibbs free
energy of formation of 2M,; muscovite from the
elements of -5598.4 +2.9 kdJ = G?(298,1) = -5600.1
+ -5600.1 +3.1 kJ. This value is nearly identical to
recent calorimetric determinations made by Robie,
Hemingway, and Wilson (1976), provided that a zero-
point entropy of 18.7 J/mol K owing to the complete
and ideal mixing of tetrahedral aluminum and
silicon is assumed. Since 2M,; muscovite is known
through structural determinations of tetrahedral
O-M bond length to show no site preference, a
random distribution of aluminum and silicon is
suggested. The thermochemical calculations provide
an independent verification of this inference.

Stability of phlogopite

Phlogopite reacts with diopside and quartz to form
tremolite and sanidine at 750 °C between 200 and 350
bars of total pressure. D. R. Wones and F. C. W.Dodge
found this reaction to be insensitive to H,O pressure.
The phlogopite-pyroxene-quartz assemblage, found
in both volcanic and intrusive rocks where H,O
activities are low and KASi;Oj activities are high, is
favored by iron. Amphibole-potassium feldspar
assemblages are common in rocks where H,O and
NaFeSi,Oqactivities are high and KASijOgactivity is
relatively low. The iron-free phlogopite-quartz-
diopside assemblage is rare because it requires high
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temperatures combined with H,O pressures in the
range of 200 to 2,000 bars in an Na,O-free environ-
ment. This assemblage has been reported from
regional metamorphic terranes of granulite facies
and contact aureoles of shallow plutons.

Chilorite-sulfide phase relations

Sulfide orebodies as variable as metamorphic
copper ores (Ducktown, Tenn.), hydrothermal base-
metal deposits (Creede, Colo.), and volcanogenic

copper-nickel ores (Tilt Cove, Newfoundland) all -

contain sulfide ores and chlorite within the gangue.
Metamorphosed black shales also contain complex
assemblages of sulfides and chlorites. R. K. Popp
synthesized a suite of chlorites of varying iron,
magnesium, and aluminum contents to equilibrate
with sulfide assemblages. Early results indicate that
7-A phases tend to persist in the iron-rich region and
that the aluminum and silicon contents of the chlor-
ites are variable at different conditions of pressure,
temperature, and composition.

Solubility of amorphous silica at high temperatures and pressures

R. O. Fournier and J. J. Rowe developed equations
describing the solubility of amorphous silica in pure
water over a wide range of temperatures and pres-
sures up to 380°C and 1,034 bars from the results of
laboratory experiments that used both vitreous and
gelatinous silica as starting materials. The solubility
at the vapor pressure of the solution, from 0°C to
250°C, is given by the equation

log C =

—-731
T + 4.52,

where C is the silica concentration in milligrams per
kilogram, and T is absolute temperature. At a con-
stant pressure of 1,034 bars, the solubility of amor-
phous silica from 0°C to 380°C is given by the
equation

—810
T

logC = + 4.82.

The differential heat of solution AH is 3.71 +0.05
Kcal/mol, and the differential eutropy AS is 13.9
+ (.05 cal/mol.

Experimental evidence for iron-silicic acid complexes

In exploratory experiments, the solubility of (1)
Quartz in K,SOKHSO, solutions, (2) the oxide pair
magnetitethematite in K,SO KHSO, solutions, and

(3) quartz+tmagnetitethematite in K, SO.KHSO,
solutions were measured at 250°C and at the vapor
pressure of the solution. Analyses of samples taken
over a period from 1 day to several months after the
beginning of the experiment showed that the pres-
ence of ferrous iron, derived from the solution of the
iron oxides, both affects the rate at which quartz is
dissolved and increases the solubility of quartz. Iron
oxides are more soluble in the presence of quartz.
These results lead to the conclusion that the behavior
of silicic acid (probably H,SiO,) is similar to that of
phosphoric acid (H;PO,) or sulfuric acid (HSO,) in
aqueous solutions at room temperature. Only at
elevated temperatures, where the solubility of quartz
is high, is the liquid nature of silicic acid significant.
These data show that quartz solubility is a function
of the type and concentration of cations in the
solution, as well as of the temperature and density of
the solution.

New technique for analysis of fiuid inclusions

In a joint effort with G. J. Rosasco (National
Bureau of Standards), Edwin Roedder (USGS), and J.
H. Simmom (Catholic University) reported that
laser-excited Raman spectroscopy has been success-
fully applied to the identification and partial analy-
sis of solid, liquid, and gaseous phases in fluid
inclusions in minerals. The procedure will not solve
all the problems of analysis of fluid inclusions, but
some unique features make it very useful. In
particular, the measurement is performed in situ, it is
nondestructive, and it can produce qualitative and
quantitative data, some of which cannot be obtained
otherwise, for samples as small as 107 g. It has been
proved useful in the detection and measurement of
the following variables in fluid inclusions: H,O (as a
brine); CO, (liquid and gas); CH, (gas); CO,, HCO-,
CO#%, and SO% (in water solutions); N, and CH, (in
CO, fluid); CH, vapor pressure; !3C to 2C ratios in
liquid CO,; and some daughter phases. The original
equipment described by Rosasco, Roedder, and Sim-
mons (1975) had rather stringent sample require-
ments (relatively large, clear inclusions were needed)
that seriously limited its usefulness. In a subsequent
development, Rosasco and Roedder (1976) described
a new instrument that permits measurement of
backscattered Raman radiation. This development
reduced the sample required by three orders of
magnitude, so that most ordinary fluid inclusions
now can be analyzed for those polynuclear constitu-
ents that have strong Raman spectra. This technique
is particularly well suited for the one aspect of fluid
inclusion analysis most intractable by previous
methods—the sulfur species present. Normal micro-
chemical analytical procedures seldom extend to the
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submicrogram (10-6g) range of total sulfur and gen-
erally cannot discriminate between the various
sulfur ions present in this range. The new Raman
technique permits estimation of quantities 0of SO} in
the 107'!-g range, and, although it has not yet been
verified with actual inclusions, it should have a
sensitivity for HS™ in the same range.

Sulfur compounds in fluid associated with porphyry copper
deposits

Fluid inclusions trapped in the minerals of por-
phyry copper deposits provide information on the
nature of the fluids responsible for ore deposition.
Throughout the world, prophyry copper deposits
characteristically show inclusions containing very
high concentrations of soluble salts such as NaCl
and KCl (as much as 60 weight percent) (Roedder,
1971). These fluids (actually hydrosaline melts) were
trapped at high temperatures, and, when they cooled
to surface temperature, they precipitated crystals of
these various salts, called daughter minerals. When
they are reheated in the laboratory, these daughter
minerals normally redissolve in the inclusion fluids.
One perplexing problem has been the presence of a
crystal phase in these inclusions. On the basis of
rather meager data, the crystal phaseis thoughtto be
anhydrite, which does not redissolve when it is
reheated. Although anhydrite is unusual in that it
normally shows retrograde solubility, this character-
istic does not explain how it came to be present in the
inclusions.

Recent work by Rosasco and Roedder (1976)
resulted in the first unambiguous identification of
these crystals as anhydrite. Even though it is only 5
pm in size, one of these crystals from the porphyry
copper deposit at Bingham, Utah, yielded nine lines
in the Raman spectrum characteristic of the SO%
group in the anhydrite structure. The liquid solution
surrounding the crystal also showed a Raman line at
980 cm™!, characteristic of the SO% ion in water
solution.

The only feasible mechanism that has been sug-
gested to explain the origin of the anhydrite crystals
involves the leakage of hydrogen out of the inclu-
sions (Roedder and Skinner, 1968). If the fluids
surrounding the host quartz crystals became more
oxidizing than they were at the time the inclusion
was trapped, hydrogen (from dissociation of water
molecules) would tend to diffuse out of the inclusion
and leave behind the equivalent oxygen and thus
cause the autoxidation of original S~ ion present in
solution to SO%™ and the precipitation of anhydrite.
Original ferrous iron ions in solution would similarly
be oxidized to ferric and hence could yield the crystals
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of hematite found in the inclusions of many porphyry
copper deposits; these crystals also donot dissolve on
reheating.

Thus, these phases in the inclusions of porphyry
copper deposits seem to require that the later fluids
bathing these deposits must be relatively oxidizing
but still hot enough to permit diffusion of hydrogen
through the host mineral. This change in state of
oxidation may well signify a basic change in the
circulation of the ore fluids and permit more oxygen-
rich surface waters to permeate the orebodies. It is
important to note, however, that the anhydrite and
hematite phases in these inclusions are typical only
of porphyry copper deposits and hence may signify a
basic difference between the ore-forming conditions
of such deposits and most other types of metal depos-
its. They may provide an even more diagnostic
exploration tool for porphyry copper deposits than
the presence of fluid inclusions with extremely high
salinities.

Modeling of high-pressure processes

Two approaches tounderstanding the petrogenesis
of igneous rock were applied to the so-called Ice
Harbor basalts of the Columbia River Basalt Group.
The “Ice Harbor” unit consists of four distance
chemical types—“Basin City” (BC), “Ice Harbor 1”
(IH1), “Ice Harbor 1 upper flow” (IH1u), and “Ice
Harbor 2” (IH2). On the basis of least squares
computer modeling of the chemistry, T. L. Wright
and R. L. Helz showed that none of these chemical
types are related by phenocryst (that is, low pressure)
fractionation but may be related at higher pressures
by the following processes: (1) Fractionation at
moderate pressure (IH1—IH1u), (2) different degrees
of partial melting of a very similar source rock
(BC as opposed to IH1u), and (3) comparable degrees
of melting of slightly different source (BC as opposed
to IH1).

In order to test these relations, Helz conducted
high-pressure melting experiments on all four
compositions. Since the predictions made on the
basis of least squares calculations are confirmed in
every case by the melting studies, Helz and Wright
concluded that mass balance calculations can be
used to model moderate- to high-pressure processes
relating magmas that cannot be related by fractiona-
tion of observed phenocrysts. Interpretations of such
calculations are an adequate substitute for extensive
experimental work, and the calculations can be used
to distinguish partial melting from fractionation and
to place constraints on the nature of the mantle
source rock and the degree of partial melting
involved. Helz and Wright extended these sorts of
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calculations to other Columbia River basalts, deep-
sea basalts, and Hawaiian tholeiites. The results so
far are compatible with the data available for these
samples.

Effect of chromium on spinel crystallization

B. R. Lipin extended his previous studies by adding
small amounts of Cr;03(2.0 and 0.5 weight percent) to
the Fe/Fet+Mg = 0.41 composition plane of the system
CaAl,Si,04-(Mg, Fe),SiOSiO, Under reducing con-
ditions in the 2-percent Cr,O; runs, spinel is the
liquidus phase in all mixtures studied, and the spinel
extends over almost the entireliquidus surface. In the
0.5-percent Cr,0; system, the spinel field is remarka-
bly similar to that in the chromium-free system. The
partitioning of chromium between the liquid and the
crystalline silicates olivine and orthopyroxene is the
same within analytical uncertainties as it is in the 2-
percent Cr,O; runs reported by Huebner, Lipin, and
Wiggins (1976). Although there is good indirect
evidence for the presence of Cr2* in the experimental
liquid and silicates, the compositions of the spinels
(Mg, Fe) (Cr3**, Al),O, show no indication of Cr?**, in
accord with crystal-chemical considerations.
Because of the relatively large size and the large
octahedral site preference energy of Cr?', it is an
unlikely occupant of the tetrahedral spinel site.
However, because of its electronic configuration, Cr?*
is subject to Jahn-Teller distortions so extreme that it
will not substitute in the octahedral spinel site. Thus,
Cr*" is an extremely unlikely constituent of a spinel.

Since Cr** is not accepted into the spinels, chro-
mium cannot be depleted simply by spinel crystalli-
zation from a liquid in which chromium is predomi-
nantly divalent. This discovery possibly explainsthe
retention of chromium in reduced residual liquid of
the lunar-wide magma. In contrast, chromium in
terrestrial magmas is predominantly trivalent and is
rapidly depleted by spinel crystallization under these
more oxidizing conditions.

Chromium partitioning between crystals and melts

J. S. Huebner, B. R. Lipin, and L. B. Wiggins
determined the distribution of chromium (D)
between crystalline silicates, olivine and pyroxenes)
and melts at oxygen fugacity values near those of
lunar rocks (more reducing than the iron-wiistite
assemblage) for a wide range of bulk compositions.
D, is the weight percent of CrsO;in crystals divided
by the weight percent of Cr,0;in melt. The range of
values of D, for olivine is from to 0.6 to 1.3 (average,
0.9), and for pyroxene the range is from 1.6 to 3.5
(average, 2.5). The D¢, shows no obvious dependence
on any experimental parameter. Arguments based

163

on composition indicate that most of the chromium in
olivine is present as octahedrally coordinated Cr**
and also as Cr®' charge compensated by tetrahedral
Al1**. Chromium has great potential as a petrogenetic
indicator of parental relationships between magma
and crystals. Several currently popular lunar
petrogenetic models propose magma-residuum pairs
that, on the basis of the distribution of chromium,
cannot be related by simple phase-equilibrium pro-
cesses.

Oxygen fugacity of the mantle environment

The intrinsic oxygen fugacities of minerals of
mantle origin were directly determined by the solid
electrolyte method. On the basis of these results,
Motoaki Sata concluded that the minerals probably
formed in a reducing environment where graphite
was stable. In some samples, the presence of submi-
croscopic graphite trapped within a mineral was
indicated by a slow downward shift of f,,at tempera-
tures above 1,100°C. Considering other factors such
as the common occurrence of graphite or diamond in
kimberlite-type nodules, Sato interpreted the predom-
inance of CO, in fluid inclusions trapped in mantle-
derived minerals, the low solubility of CO,relativeto
that of H,O in magmatic melts, and the lack of other
suitable f,, controlling buffer systems in the
observed f,, region as indicating that the f,, of the
